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Abstract
It is generally accepted in geotechnical engineering that non-cohesive materials such as
sands exhibit no or negligible tensile strength. However, there is significant evidence that
interparticle forces arising from capillary and other pore-scale force mechanisms increase both
the shear and tensile strength of soils. The general behavior of these pore-scale forces, their role
in macroscopic stress, strength, and deformation behavior, and the changes that occur in the field
under natural or imposed changes in water content remain largely uncertain.
The primary objective of this research was to experimentally examine the manifestation
of capillary-induced interparticle forces in partially saturated sands to macroscopic shear strength,
tensile strength, and deformation behavior. This was accomplished by conducting a large suite of
direct shear and direct tension tests using three gradations of Ottawa sand prepared to relatively
“loose” and relatively “dense” conditions over a range of degrees saturation. Results were
compared with previous experimental results from similar tests, existing theoretical formulations
to define effective stress in unsaturated soil, and a hypothesis proposed to define a direct
relationship between tensile strength and effective stress.
The major conclusions obtained from this research include: Theoretical models tended to
underpredict measured tensile strength.  Analysis of results indicates that shear strength may be
reasonably predicted using the sum of tensile strength and total normal stress as an equivalent
effective stress (σ’ = σt + σn). Analysis also indicates that Bishop’s (1959) effective stress
formulation is a reasonable representation for effective stress by setting χ = S and by back-
calculating χ from shear tests. Tensile strength and apparent cohesion measured exhibited double-
peak behavior as a function of degree of saturation. Relatively dense specimen with water
contents approaching the capillary regime start behaving as a loose specimen. Horizontal
displacement at failure in tension exhibited double-peak behavior as a function of saturation. The
two-peak behavior tends to flatten out as the grain size increases.
Keywords: Unsaturated Soils, Effective Stress, Shear Strength, Apparent Cohesion, Tensile
Strength
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1 Introduction
1.1 Statement of the Problem
It is generally accepted in geotechnical engineering practice that non-cohesive
materials such as sands exhibit only shear strength and no or negligible tensile strength.
Cohesive materials such as clays, on the other hand, may exhibit both shear and tensile
strength, where, following the conventional Mohr-Coulomb failure criterion, the former
is captured as a function of normal stress via the friction angle (φ) term and the latter is
indirectly captured via the cohesion term (c). For design purposes, it is typically assumed
that soils are either fully saturated or completely dry to calculate stress, strength, and
deformation parameters and corresponding system response. A variety of problems,
however, present situations where water content does not correspond to the saturated
state or to dry conditions, including shallow slope stability, lateral earth pressure, fill
compaction, and shallow footing design. There is significant evidence that interparticle
forces arising from capillary and other pore-scale force mechanisms increase both the
shear and tensile strength of soils. However, the general behavior of these pore-scale
forces, their role in macroscopic stress, strength, and deformation behavior, and the
changes that occur in the field under natural or imposed changes in water content (e.g.,
from precipitation, evaporation, water table lowering) remain largely uncertain.
The increase in cohesion associated with partial saturation in materials such as
sands has been historically referred to as “apparent” cohesion. This is primarily intended
to reflect the fact that the cohesive strength may drop to near zero if the soil subsequently
becomes saturated. Lu and Likos (2004) noted that apparent cohesion embeds two terms:
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classical cohesion c’, which represents the mobilization of interparticle physicochemical
forces such as van der Waals attraction to shearing resistance, and capillary cohesion c’’,
which represents the mobilization of capillary interparticle forces to shearing resistance.
For clays, both terms are significant over a wide range of saturation. For sands, classical
cohesion is generally negligible, while capillary cohesion varies from near zero at
saturation and becomes a complex function of degree of saturation or matric suction
thereafter. Examining the macroscopic behavior of partially saturated sand over a wide
range of saturation allows the role of capillary mechanisms to be more effectively
isolated and forms the general motivation and scope of this research.
1.2 Goals and Objectives
The primary objective of this research is to experimentally examine the
manifestation of capillary-induced interparticle forces in partially saturated sands to
macroscopic shear strength, tensile strength, and deformation behavior. This was
accomplished by conducting a large suite of direct shear and direct tension tests using
three gradations of Ottawa sand prepared to relatively “loose” and relatively “dense”
conditions over a wide range of saturation. Results were compared with previous
experimental results from similar tests, existing theoretical models for predicting tensile
strength in the pendular, funicular, and capillary water content regimes, existing
formulations to define effective stress in unsaturated soil, and a new hypothesis was
proposed to describe the relationship between tensile strength and an equivalent effective
stress.
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1.3 Scope
The specific scope of the work includes the following.
1. A background literature review was conducted to summarize theoretical models
developed to predict the tensile strength of granular materials, experimental
tensile strength testing approaches, formulations for the state of stress in
unsaturated soil, and suction measurement techniques.
2. Test materials were characterized in terms of grain size distribution, specific
gravity, compaction behavior, water retention behavior (soil-water characteristic
curves), and particle morphology by scanning electron microscope (SEM)
imaging (e.g., roundness, smoothness). Test materials include three different
gradations of Ottawa sand (F-40, F-55, and F-75), which were selected to
represent relatively coarse, medium, and fine sand, respectively.
3. A suite of direct shear tests was conducted for Ottawa sand specimens compacted
to relatively loose (e ~ 0.75) and relatively dense (e ~ 0.60) conditions at water
contents ranging through the pendular, funicular, and capillary regimes.
4. A suite of direct tension tests was conducted for Ottawa sand specimens
compacted to relatively loose (e ~ 0.75) and relatively dense (e ~ 0.60) conditions
at water contents ranging through the pendular, funicular, and capillary regimes.
Tensile deformations prior to failure were also measured.
5. Results from the direct tension testing series were compared with existing
theoretical formulations for the tensile strength of partially saturated materials.
6. Results from the direct shear and direct tension tests were analyzed to investigate
the behavior of apparent cohesion and tensile strength as functions of grain size,
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void ratio, water content, and corresponding matric suction. Results were
compared with similar shear and tensile strength results reported by Kim (2001)
for Ottawa sand at relatively low applied normal stresses. Combined results were
interpreted in light of existing formulations for the state of stress in unsaturated
soil, including Bishop’s (1969) effective stress formulism, the Khalili and
Khabbaz (1998) empirical formulism. Results were also analyzed to test a
hypothesis that tensile strength measured from direct tension tests may be treated
as an equivalent effective stress resulting from capillary interparticle forces.
7. Specimen deformations obtained during direct shear and direct tension testing
were considered to examine stress-strain and critical state behavior and compared
with results for saturated soils.
1.4 Organization of Thesis
This work includes six chapters including the introduction chapter and three
appendices. Chapter two contains a theoretical background where two main concepts are
presented. First, soil suction, its components and measurement techniques are discussed.
An overview of the soil water characteristic curve, capillary phenomena, and suction
stress is also addressed in that section. Second, a theoretical tensile strength overview is
presented, where tensile strength prediction models, measurement techniques, and
previous tension and shear tests in sands are described.
Chapter three explains the materials and methods used to develop this research.
This chapter includes soil properties, and soil water characteristic curves determined for
the soils tested in this work as well as measurement methods and models used. In
addition, present in Chapter three are the apparatuses description, experimental program,
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procedure, and data reduction for the direct shear and tensile strength testing. The results
for this testing program are shown in Chapter four.
In Chapter five the discussion and analysis of the results is presented. Tensile
strength models predictions are compared to the results obtained. The relationship
between tensile strength and shear strength at low and high normal stresses is discussed.
In addition a double-peak behavior observed in the results, the failure surfaces, and
stress-deformation behavior of the soils are addressed. The stress-deformation behavior
includes analysis of the shear stress-horizontal displacement, volumetric strain, critical
state line, and tensile deformations. Chapter six summarizes the conclusions and
recommendations derived from this work. References cited, and appendices including
additional direct shear, tensile strength results, and a proposed suction-controlled tension
test device follow chapter six.
- 6 -
2 Background
2.1 Soil Suction
2.1.1 Components of soil suction
The concept of soil suction was developed by the soil physics field in the early
1900’s. This theory was developed mainly in relation to the soil-water-plant system. Its
importance in the mechanical behavior of unsaturated soils applicable to engineering
problems was introduced at the Road Research Laboratory in England (Fredlund and
Rahardjo, 1993).
Soil suction can be defined conceptually as the ability for an unsaturated soil to
attract or retain water in terms of pressure. If gravity, temperature, and inertial effects are
neglected, mechanisms responsible for this attraction are capillarity, short-range
hydration mechanisms, and osmotic mechanisms. Hydration and osmotic mechanisms
can occur in either a saturated or an unsaturated soil. The capillary mechanism is unique
of unsaturated soil.
Short-range absorptive effects arise primarily from electrical and van der Waals
force fields near the solid-liquid interface, i.e. the soil-pore ware interface. Hydration
mechanisms are a function of both the surface area and charge properties of the solid, and
thus are particularly important for fine-grained soils. Osmotic effects are produced by
dissolved solutes in the pore water, which may be present as externally introduced solutes
or naturally occurring solutes adsorbed by the soil mineral surfaces. Capillary effects
- 7 -
include curvature of the air-water interface and negative pore water pressure in the three-
phase unsaturated soil system.
Total soil suction quantifies the thermodynamic potential of soil pore water
relative to a reference potential of free water. Free water may be defined as water that
does not contain any dissolved solutes and experiences no interactions with other phases
that produce curvature in the air-water interface. The free energy of soil water can be
measured in terms of its partial vapor pressure. The thermodynamic relationship between
soil suction and the partial pressure of the pore-water vapor can be expressed as
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
−= −
−
o
w
t
u
uRT
υ
υ
υωνψ ln (2.1)
where ψ is total suction, R is the universal gas constant, T is absolute temperature, woυ is
the specific volume of water, υω is the molecular mass of water vapor, υ
−
u is the partial
pressure of pore-water vapor, and ouυ
−
is the saturation pressure of water vapor over a flat
surface of pure water at the same temperature.
The reduction in pore water potential described by eq. 2.1 represents that
contributed by the effects of hydration, dissolved solutes, and capillary mechanisms.
Total soil suction is considered to be the algebraic sum of a matric suction component
and an osmotic suction component. This may be expressed as omt ψψψ += , where tψ is
the total suction, oψ is the osmotic suction, and mψ is the matric suction. In pressure
terms, matric suction can also be expressed as ( )wa uu − , where au is the pore-air
pressure, and wu is the pore-water pressure. Potential reduction produced from the effects
of capillarity and short- range adsorption is combined to form the matric component of
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total suction. Potential reduction produced from the presence of dissolved solutes forms
the osmotic component of total suction. Thus, matric suction originates from physical
interaction effect and the osmotic suction originates from chemical interaction effects.
 According to Aitchison (1965a) total, matric, and osmotic suction may be
qualitatively defined as follows:
“Matric or capillary components of free energy: In suction terms, it is the
equivalent suction derived from the measurement of the partial pressure of the water
vapor in equilibrium with the soil water, relative to the partial pressure of the water vapor
in equilibrium with a solution identical in composition with the soil water.
Osmotic (or solute) components of free water: In suction terms, it is the
equivalent suction derived from the measurement of the partial pressure of the water
vapor in equilibrium with a solution identical in composition with the soil water, relative
to the partial pressure of water vapor in equilibrium with free pure water.
Total suction or free energy of the soil water: In suction terms, it is the equivalent
suction derived from the measurement  of the partial pressure of the water vapor in
equilibrium with a solution identical in composition with the soil water, relative to the
partial pressure of water vapor in equilibrium with free pure water.”
2.1.2 Measurement of soil suction
Soil suction measurement techniques can be classified as either laboratory or
field methods and by the component of suction that is measured, e.g. matric or total
suction. Laboratory measurements require undisturbed specimens to account for the
sensitivity of suction to soil fabric. Disturbance effects become less critical at higher
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values of suction, which are governed primarily by short-range effects that are relatively
insensitive to soil fabric. Table 2.1 summarizes common suction measurement techniques
and applicable measurement ranges.
Table 2. 1: Summary of Common Laboratory and Field Techniques for Measuring
Soil Suction. (after Lu & Likos, 2004)
Suction
Component
Measured
Technique/Sensor Practical SuctionRange (kPa) Lab/Field
Tensiometers 0-100 Lab and Field
Axis Translation 0-1,500 Lab
Electrical/thermal
conductivity sensors 0-400 Lab and Field
Matric Suction
Contact filter paper 0-1,000,000 Lab and Field
Thermocouple
psychrometers 100-8,000 Lab and Field
Chilled-mirror
hygrometers 1,000-450,000 Lab
Resistance/capacitance
sensors 0-1,000,000 Lab
Isopiestic humidity
control 10,000-600,000 Lab
Two-pressure
humidity control 10,000-600,000 Lab
Total Suction
Non-contact filter
paper 1,000-500,000 Lab and Field
2.1.3 Soil Water Characteristic Curve
The soil water characteristic curve (SWCC) or water retention curve (WRC)
describes the relationship between soil suction and soil water content. This curve
describes the thermodynamic potential of the soil pore water related to free water as a
function of the water that is absorbed by the system. At relatively low water contents or
degrees of saturation, the pore water potential is significantly reduced relative to free
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water, thus producing relatively high soil suction. At relatively high water contents, the
difference between the pore water potential and the potential of free water decreases, thus
the soil suction is low. When the potential of pore water is equal to the potential of free
water, the soil suction is equal to zero. This happens when the degree of saturation is
close to 100%. Figure 2.1 shows typical SWCCs for sand, silt, and clay. In general, for a
given water content, soil suction is inversely proportional to particle size. Fine-grained
materials are capable of sustaining significant suction over a wide range of water content.
Figure 2. 1: Typical soil-water characteristic curves for sand, silt, and clay (Lu and
Likos, 2004).
2.1.4 Capillary Phenomena
Capillary phenomena are associated with the matric component of total suction.
Figure 2.2, for example, shows mechanical equilibrium for capillary rise in a small
diameter tube. The vertical resultant of the surface tension is responsible for holding the
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weight of the water column to a critical height ch . From vertical force equilibrium arises
the expression
ghrrT wcs ρπαπ 2cos2 = (2.2)
where r is the radius of the capillary tube, sT is the surface tension of water, α is the
solid-liquid contact angle, ch is the height of capillary rise, and g is gravitational
acceleration. If this expression is rearranged, an expression for the ultimate height of
capillary rise is
gr
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2= (2.3)
which indicates the capillary rise is inversely proportional to the radius of the capillary
tube. The water in the capillary tube experiences a pressure deficit with respect to the air
pressure with a suction head hc at the air water interface, or a matric suction (ua – uw) =
hcγw, where γw is the unit weight of water.
For more complex interface geometries (e.g., in menisci between soil particles), a
double-curvature or “toroidal” model may be used to describe the curvature of the air-
water interface. An expression that relates matric suction and the interface geometry is 
⎟⎟⎠
⎞
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where 1R and 2R are two principal radii of curvature of the air-water interface. For
particles with a water bridge between them, the pressure deficit described by the above
equation and surface tension at the air-water interface produces a net force that acts to
pull the particles together, thus increasing the normal contact force between them. For
bulk systems of unsaturated particles, this force increases the frictional component of
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shear strength and produces bulk tensile strength. The magnitude of the interparticle force
is a complex function of water content, matric suction, and the particle and pore size
properties. The corresponding stress may be referred to as suction stress.
Figure 2. 2: Mechanical equilibrium for capillary rise in small diameter tube. Lu &
Likos (2004)
2.1.5 Suction Stress
Effective stress in unsaturated soil includes macroscopic stresses such as total
stress, pore air pressure, and pore-water pressure, as well as components resulting from
microscopic interparticle forces such as physicochemical and capillary forces. In
unsaturated soil, it is necessary to distinguish between these mechanisms because pore
pressure as a macroscopic stress disintegrates into several microscopic interparticle forces
acting near the grain contacts, including surface tension forces and interparticle forces
produced by negative pore water pressure.
Suction stress may be defined as the net interparticle stress generated from
capillary mechanisms in a bulk matrix of unsaturated granular particles. This force is due
Ts: Surface Tension
d: Diameter
hc: Capillary rise
Ua: Water pressure
α: Contact angle
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to the combined effect of negative pore water pressure and the surface tension of water
acting at air-water interfaces within menisci. From the macroscopic point of view, suction
stress tends to pull the soil particles toward one another, which has a similar effect as
overburden stress or surcharge loading.  Lu and Likos (2004), for example, described a
microscopic approach that may be used to evaluate the magnitude of suction stress for
idealized two-particle systems in the pendular (isolated water bridge) regime of
saturation. This approach considers the microscale forces acting between ideal spheres.
Interparticle forces are produced by the presence of the air-water-solid interface defining
the pore water menisci among the soil grains. Figure 2.3 shows the approach used to
analyze the magnitude of capillary force arising from the liquid bridge by considering the
local geometry of the air-water-solid interface.
Figure 2. 3: Air-water-solid interaction for two spherical particles and water meniscus.
Lu & Likos (2004)
The free body diagram shown on the right side of Figure 2.3 includes the
contribution from pore air pressure, pore water pressure, surface tension, and applied
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external force. The resultant capillary force between the particles is the sum of all forces
and can be expressed as
wtasum FFFF ++= (2.5)
where Fa, Ft, and Fw are interparticle forces resulting from air pressure, surface tension,
and water pressure, respectively, The total force due to the air pressure is
( )222 rRuF aa ππ −=  (2.6)
where au is the air pressure, R is the radius of a particle, and 2r is a radius describing the
meniscus geometry (Figure 2.3). The total force due to surface tension is
22 rTF st π−= (2.7)
where sT is the surface tension of water. The total force due to water pressure acting on
the water-solid interface in the vertical direction is
2
2ruF ww π= (2.8)
The interparticle stress due to the resultant of these interparticle forces can be
evaluated by considering the area over which it acts (cross-sectional area of one particle).
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such that the effective stress σ’under a total stress σ is 
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The above analysis for an idealized two-particle system in the pendular saturation
regime illustrates on a very basic level that for positive values of matric suction capillary
interparticle force mechanisms contribute an additional component of effective stress.
The magnitude of this stress is a complex function of matric suction (ua – uw), particle
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size (R), and water content or degree of saturation (e.g., described by the radii r1 and r2).
Theoretical and experimental investigations to evaluate the magnitude and behavior of
the stress component resulting from capillary mechanisms in unsaturated soils over a
wide range of water content (e.g., beyond the pendular regime) remains an active area of
research.
2.2 Tensile Strength
2.2.1 Tensile Strength Models
As shown on Figure 2.4, there are three general regimes of saturation in soil
with negative pore water pressure or suction: the capillary regime, the funicular regime,
and the pendular regime. Prior to desaturation, pore water may be under negative
pressure within a regime referred to as the capillary regime. When the suction pressure
increases, water starts draining from the saturated specimen and air-water interfaces or
menisci are produced between and among the soil grains. The suction pressure that first
causes air to enter the coarsest pores is known as air-entry pressure. Air-entry pressure
depends on the size of the pores, and thus the grain size and grain size distribution of the
particle matrix. In general, the finer the grain size, the finer the pore size, and the higher
the air entry pressure. A suction increases beyond the air-entry pressure, air continues to
break into the soil pores but the water still forms a continuous phase. As indicated on
Figure 2.4, the pore water resides as menisci or “liquid bridges” between soil particles or
groups of soil particles, but may concurrently reside within saturated pores at other
locations. This regime is known as the funicular regime. Because the liquid water phase
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remains continuous, any local change in water pressure is rapidly homogenized
throughout the soil. Finally, the pendular regime, which corresponds to relatively high
suction pressures, describes a regime where water exists primarily as liquid bridges
between and among particles and as thin films of water around the particles. The border
point between the funicular and the pendular regimes is known generally as residual
saturation. After this point, a very large suction change is required to remove additional
water from the soil.
Figure 2. 4: States of Saturation in Unsaturated Soils (after Kim, 2001)
Capillary forces associated with these saturation regimes contribute to tensile
strength and shear strength. Capillary forces in the pendular regime result from a surface
tension force that acts along the water-solid contact line and the net force due to the
pressure deficit in the water bridge with respect to the pore air pressure. In the funicular
regime, water bridges and pores filled with water are both present, which means that both
capillary forces due to the water bridges, and capillary forces due to regions filled with
water, contribute to the total bonding force. Within the capillary regime, negative pore
water pressure acts isotropically and contributes directly to total stress. The net tensile
force in each of these regimes contributes to macroscopic tensile strength. The net tensile
Pendular Funicular Capillary
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force also contributes to shear strength by increasing the normal forces among the soil
particles, and thus the frictional resistance of the bulk system.
Numerous expressions have been developed in the literature to predict tensile
strength for idealized two-particle systems and for bulk particle systems within the
pendular regime (e.g., Fisher, 1926; Dallavalle, 1943; Orr et al., 1975; Dobbs and
Yeomans, 1982; Lian et al., 1993; Molencamp and Nazami, 2003; Likos and Lu, 2004).
Recent studies (e.g., Molencamp and Nazami, 2003; Lechman and Lu, 2005) show that
most of the theories predict both water retention and capillary stress reasonably well.
Considering the simple two-particle system shown in Figure 2.5, for example, tensile
stress between two identical contacting spherical particles due to a water bridge in the
pendular regime can be conveniently expressed as (Lu and Likos, 2004):
st Tr
rr
R
r
1
21
2
2 +=σ  (2.11)
where R is the particle radius, Ts is the surface tension of water (~72 mN/m), and r1 and
r2 are radii describing the geometry of the water bridge. The radii r1 and r2 may be
expressed in terms of the particle radius R, “filling” angle θ, and the solid-water contact
angle α as:
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The filling angle θ captures the general size of the meniscus and corresponding
water content or degree of saturation for the system. The contact angle α is a material
property dependent on the pore water properties, soil surface properties, and direction of
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wetting. This angle, designated herein as α, defines the angle measured inside the liquid
phase from the solid surface to a point tangent to the liquid-air interface.  Contact angles
less than 90° indicate a wetting, or hydrophilic, solid-liquid interaction. Contact angles
greater than 90° indicate a non-wetting, or hydrophobic, solid-liquid interaction.
Experimental studies based on capillary rise or horizontal infiltration testing have shown
that wetting contact angles in sands can be as high as 60° to 80° (e.g., Letey et al., 1962;
Kumar and Malik, 1990).  Drying contact angles, on the other hand, have been estimated
from 0° to as much as 20° to 30° smaller than the wetting angles (e.g., Laroussi and
DeBacker, 1979).
Figure 2. 5: Meniscus geometry for calculating tensile forces between contacting
mono-sized particles with a non-zero contact angle (Lu and Likos, 2004)
Models to predict the tensile strength of unsaturated particle agglomerates have
been developed by Rumpf (1961) and Schubert (1984). The Rumpf model is applicable
for predicting tensile strength in the pendular regime. The Schubert model combines two
terms to be applicable over the capillary regime and the funicular regime. Rumpf (1961)
proposed a theory for non-contacting spherical particles that may be upscaled to predict
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the tensile strength of unsaturated particle systems in the pendular regime. Figure 2.6
shows a non-contacting particle system for particles with diameter d, separation distance
a, filling angle θ, and contact angle α.
Figure 2. 6: Meniscus geometry for calculating tensile forces between non-contacting
mono-sized particles with a non-zero contact angle (Kim, 2001)
The model assumes that all the particles are spheres with the same size and
distributed uniformly. The model also assumes that the bonds are statistically distributed
along the surface and in all directions. Thus, the effective bonding forces are distributed
in a way that allows a mean value to be used for calculations of macroscopic tensile
strength as follows:
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where r* and h* are dimensionless radii of curvature describing the water bridge, tF  is
the total dimensionless bonding force (between two particles), θ  is the filling angle, Ts
and α are the surface tension and contact angle respectively, d is the diameter of the
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particles, and n is bulk porosity. Expressions used to calculate the two radii of curvature
are 
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where a/d is a dimensionless particle separation distance. Filling angle θ may be related
to gravimetric water content for the bulk system w and the specific gravity Gs of the soil
phase as (Pietsch and Rumpf, 1967):
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where k is the mean number of particle-particle contact points per particle (coordination
number). A corresponding degree of saturation S may also be written in terms of water
content if the void ratio e and specific gravity Gs are known:
e
wG
S s= (2.18)
The validity of the above expressions is constrained for degrees of saturation
within the pendular regime. For evenly-sized particles oriented in simple cubic (SC)
packing order (Figure 2.7), where k = 6, n = 47.6%, and e = 0.91, the water content filling
angle is limited to 45o. For particles in tetrahedral (TH) packing order (k = 12, n = 26.0%,
e = 0.34), the water content filling angle is limited to 30o. The corresponding upper limit
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of gravimetric water content for SC packing is 0.063 g/g and the upper limit for TH
packing is 0.032 g/g.
Figure 2. 7: Uniform spheres in simple cubic (a) and tetrahedral (b) packing order.
As implied in equation 2.14, tensile strength is inversely proportional to the size
of the particles. Contact angle, porosity, and particle separation distance also play central
roles. The dependency of tensile strength on particle size, porosity contact angle,
separation distance, and degree of saturation is illustrated in Figures 2.8 through 2.12.
Spherical particle systems arranged in SC and TH packing order are considered to
illustratively examine two extreme cases in porosity.
Figure 2.8 shows the effect of dimensionless separation distance for particles in
TH packing with contact angle α = 0º, Gs = 2.65, and Ts = 72 mN/m. The results indicate
that tensile stress decreases as particle separation increases.
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Figure 2. 8: Theoretical tensile strength for spherical particles in TH packing order as
a function of particle separation distance.
Figures 2.9 and 2.10 show the effects of particle size ranging from d = 0.01 mm
(e.g., silt or fine sand) to d = 1 mm (e.g., medium to coarse sand) for particles in SC and
TH packing, respectively. The results illustrate that tensile strength in sand-sized particles
can vary from tens of Pa for coarse sand to several kPa for fine sand. Tensile strength for
silts may be on the order of several tens of kPa. Figure 2.11 illustrates the effect of
packing geometry (porosity) by directly comparing tensile strength for 0.1-mm diameter
particles in SC and TH packing. These results illustrate the important effect of packing
density on tensile strength, which may be significantly greater for densely packed
systems.
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Figure 2. 9: Theoretical tensile strength for spherical particles in SC packing order as
a function of particle size.
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Figure 2. 10: Theoretical tensile strength for spherical particles in TH packing order
as a function of particle size.
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Figure 2. 11: Theoretical tensile strength for 0.1 mm spherical particles in SC and TH
packing order.
Finally, Figure 2.12 isolates the effect of contact angle α for 0.1-mm diameter
particles in SC packing order. Here, relatively small contact angles are representative of a
drying process, while relatively large contact angles are representative of a wetting
process. The results suggest that tensile strength during wetting may be appreciably less
than that during drying.
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 Figure 2. 12: Theoretical tensile strength for 0.1 mm spherical particles in SC
packing order as a function of contact angle.
The preceding analyses are applicable for predicting tensile strength at relatively
low water contents or degrees of saturation in the pendular regime. Schubert (1984)
proposed a model for tensile strength in the capillary regime (saturated under negative
pore water pressure) as follows:
cct PS *=σ (2.19)
where S is the degree of saturation and cP is the capillary pressure (matric suction), which
may be determined directly from the SWCC or estimated as (Shubert, 1984):
d
T
n
naP sc
−= 1' (2.20)
where 'a is a constant that changes with particle size. For particles with a narrow size
range, a’ = 6~8 and for particles with a wider particle size range, a’ = 1.9~14.5. Note that
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for a degree of saturation equal to 1.0 (i.e., prior to air-entry), the predicted tensile
strength is equal to the matric suction, which reflects the fact the pore pressure acts
isotropically as long as the system remains saturated.
Schubert (1984) also proposed a model for predicting tensile strength (σtf) in the
funicular state (concurrent liquid bridges and saturated pores) by combining the previous
expression for tensile strength in the pendular regime (eq. 2.14) with the above
expression for tensile strength in the capillary regime (eq. 2.19) as follows:
 
fc
f
tc
fc
c
tpft SS
SS
SS
SS
−
−+−
−= σσσ (2.21)
where S is degree of saturation, and tpσ and tcσ are tensile strength for the pendular and
capillary regimes, respectively. Each term is normalized by establishing saturation
boundaries between the capillary, funicular, and pendular states such that cS  and fS are
the upper saturation limits for the funicular and pendular states, respectively. These
boundaries may be inferred from the general shape of the SWCC for degrees of saturation
near the air-entry pressure and residual water content.
Figure 2.13 illustrates the general form of eq. (2.21) for a typical sand specimen.
The SWCC (Fig. 2.13a) has been modeled using the van Genuchten (1980) model
(Section 3.2.2) and the modeling parameters shown. The corresponding tensile strength is
shown as a function of S as Figure 2.13b and has been differentiated into strength
attributable to the pendular regime term and strength attributable to the capillary regime
term. These terms reach peak values near the residual water content and air-entry
pressure, respectively. The peak tensile strength in the capillary regime is approximately
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the air-entry pressure. The shape of the tensile strength function in the pendular regime
depends primarily on the pore size distribution of the soil.
Figure 2. 13: Suction (a) and theoretical tensile strength (b) as a function of
saturation for a typical sand specimen.
(a)
(b)
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2.2.2 Review of Tensile Strength Testing Techniques
Unconfined tension tests on soft clayey silt were performed by Conlon (1966).
The specimen used for these tests was similar to the one used in conventional triaxial
devices with the exception of the central part of the specimen. Figure 2.14a shows how
the central part of the specimen was necked down to create a failure zone and reduce the
necking effects. In order to hold the specimen and be able to apply pure tension to the
soil, split rings were clamped at the ends of the specimen and the loading head. The
inside of the split rings had a fine emery paper to grip the soil. To avoid eccentricities
during application force, a ball and socket arrangement was used at both ends. This
apparatus was able to measure maximum tensile strength and axial deformation. Some
disadvantages of this device are that the split rings around the specimen may cause stress
concentrations at the ends, and since the effective length of the specimen was not
accurately known the strain measurements are not reliable.
A similar test to a triaxial extension tests was used by Bishop & Garga (1969) to
determine the tensile strength of soils. Confining pressure was used to produce tensile
stresses instead of pulling the ends of the specimen. They also used a necked down
specimen, thus an increase in confining stress pushed the upper and lower part of the soil
apart to create a tension failure in this central portion. To perform these tests, they used a
triaxial apparatus as shown in Figure 2.14b, with specimen diameters between 2.54 cm
and 1.27 cm at the ends, and 14.24-cm high. The central part was necked to 1.9 cm in
diameter. These tests accurately determined the tensile strength of soils, but not the strain
measurement because only the necked part can be considered to be in pure tension.
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Bofinger (1970) used a prismatic specimen 30.48 cm long with 7.74 cm by 7.74
cm cross section shown in Figure 2.14c. This test showed a concave stress-strain curve as
opposed to the convex curve normally seen in compression tests. The ends of the
specimen were bonded to steel plates with quick-setting polyester. Tensile force was
applied using a cap with a spherical seating to reduce the effect of end rotation. This
system had the advantage of reducing the effects of stress concentration at the ends;
however it had problems with slippage and strain measurements.
Figure 2. 14: Tensile Strength Testing Systems (from Kim, 2001)
Al-Hussaini & Townsend (1974) used a hollow cylinder apparatus to measure the
tensile strength of soils (Figure 2.15). The hollow cylinder specimen is placed between
two smooth annular platens, where the upper platen has a 4-in inside diameter, a 6-in
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outside diameter and 1-in height. The lower platen has a 4-in inside diameter, a 7-in
outside diameter and a 1 ¼-in height. The specimen cover has a spherical seating to
receive the tip of the ram, which is pinned in a fixed position to prevent upward
movement of the upper platen. The hollow cylinder test is based on the principle that
when a hydrostatic pressure is applied to the internal surface of the specimen, a tangential
tensile stress is generated. When this stress exceeds the tensile strength of the material the
specimen fails in tension.
Figure 2. 15: Hollow cylinder apparatus. Al-Hussaini & Townsend (1974)
Al-Hussaini & Townsend (1974) mentioned that Carneiro and Barcellos 1953
(Brazil) as well as Akazawa 1953 (Japan) developed an indirect tensile test for concrete
(Figure 2.16). This test consists of placing a cylindrical specimen horizontally between
two plane loading surfaces in order to apply compression along the diameter. Tensile
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strength can be calculated by knowing the imposed load and the geometry of specimens
using elasticity theory.
Figure 2. 16: Indirect Tensile Test Apparatus. Al-Hussaini & Townsend (1974)
Al-Hussaini and Townsend (1974) also used a double-punch test for determining
the tensile strength of soils (Figure 2.17). Calculation of tensile strength is based on the
limit analysis derived by Chen and Ducker (1969). The expression that can be used to
determine the tensile strength is
( )2crHPSd −= π (2.22)
where dS is tensile strength, P is the applied load, r is the specimen radius, H is the height
of the specimen, and c is the radius of the loading disk.
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Figure 2. 17: Schematic diagram of double-punch test. Al-Hussaini & Townsend
(1974)
Mesbah et al. (2004) used a direct-tension test that had problem of anchorage
failure. To overcome this problem, the block was sawed along a section at mid-height to
create a weak cross section. During load application movement of the ram was measured
to provide displacement of the crack. Tang & Graham (2000) used a tensile strength test
device for unsaturated soils as shown in Figure 2.18. This device consists of a
- 33 -
conventional motor-driven mechanical load frame for applying either compressive or
tensile force to specimens at a constant displacement rate. The mold has two separate
half-cylindrical forms that are welded to short lengths of channel and connected to the
platen and crosshead of the load frame.
Figure 2. 18: Side view of tensile mold and load frame. Tang & Graham (2000)
Munkholm et al. (2002) used a direct tension test that consists of an automatically
operated mechanical press. This device is a two-piece cylinder, where the lower half is
fixed in a rigid frame by three screws horizontally driven against the cylinder wall. A
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plastic cap is put in the upper half of the cylinder and is connected to a pressure
transducer by an adjustable steel bar.
Tamrakar et.al. (2005) developed the tensile strength apparatus shown in Figure
2.19. This device consists of a split box comprising fixed and movable halves resting on a
horizontal platform. The tensile mold consists of two separate “C” structures which have
an inner shape that is almost circular, except at the portion where the two halves join.
One part of the apparatus is fixed to the horizontal platform while the other part can move
on the horizontal platform. A load cell placed between the movable box and a motor
measures the tensile load. The tensile strength is obtained by dividing the tensile load by
the area of the tensile crack perpendicular to horizontal pulling.
Figure 2. 19: View of tensile test device. Tamrakar et.al. (2005)
Perkins (1991) developed the direct tension testing device shown on Figure 2.20.
The specimen was a 17.8 cm cubical specimen compacted into a split box. The front half
of the box was mounted on a lateral guide rail by 8.89-cm roller bearing blocks placed at
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the bottom of the box. The rear part of the box rested on two solid aluminum blocks to
align it to the same vertical height as the front part. This device also had a motor and load
cell mounted on the base plate. Experimental results were expressed as the average stress
on the vertical plane of failure versus the displacement of the box.
Figure 2. 20: Direct Tension Apparatus. Perkins (1991)
Figure 2.21 shows a direct tension device developed by Mikulitsch and Gudehus
(1995) that is similar to the one developed by Perkins (1991). The specimen was kept in
place by angled walls where one part of the box was fixed and the other part rested on a
ball bearing system. The angled internal walls facilitate contact between the specimen
and the box to develop tension across the center plane. Tensile forces were imposed by
filling a bucket hanging from the movable half of the box with water.
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Figure 2. 21: Device for Tension Tests. Mikulitsch & Gudehus (1995)
Kim (2001) developed the direct tension apparatus shown as Figure 2.22. The
sample container consists of a 17.8-cm by 17.8-cm by 17.8-cm box split in two equal
halves. The movable front half is mounted on two sets of precision roller bearings
attached to the bottom of the device. The rear half rests on two aluminum blocks to
position it at the same height as the front part. Four wedges are attached inside the box to
facilitate contact between the specimen and the box as tension is developed across the
plane of separation. The wedges were designed with angles (20º) larger than the dilatancy
angle of the material to prevent movement of the soil particles, and to achieve a relatively
uniform stress distribution on the failure plane. The device rests on a loading table with
two pulleys installed to connect loading wires to the movable half of the box. The rear
loading container attached to the movable half is used to initially balance the system
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against the front loading bucket. Tensile load is applied by introducing water into the
front loading container.
Figure 2. 22: Direct Tension Apparatus. Kim (2001)
Lu et.al. (2005) developed a tensile strength apparatus for cohesionless soils
shown in Figure 2.23. The apparatus consists of a specimen confining tube (split in the
middle), mounting plate, adjustable table for inclining the specimen tube, and a digital
probe for measuring inclination angle. The specimen tube has two sections that are
clamped together during sample preparation and released prior to testing. One section is
fixed on the table, and the other part is free to slide on roller bearings. The table is
inclined progressively to increase the gravity force along the longitudinal direction of the
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sample, thus applying a tensile force. The inclination angle is recorded when the sample
fails and used to back-calculate tensile strength from the mass of the movable section.
    
Figure 2. 23: View of tensile test device. Lu et.al. (2005)
2.2.3 Review of Tension and Shear Test Results for Sand
Kim (2001) used the direct tension apparatus shown in Figure 2.22 to measure the
tensile strength of clean F-75 gradation Ottawa sand (F-75-C) and F-75 Ottawa sand
containing fines (F-75-F) as a function of water content. Table 2.2 and Figure 2.24
summaries results for F-75-C sand specimens at gravimetric water content ranging from
approximately 0.3% to 4.0% and compacted to relatively loose (Dr ~ 30) and relatively
dense (Dr ~ 70) conditions (Dr = relative density). Maximum and minimum void ratios
reported were emax = 0.805 and emin = 0.486. Table 2.3 and Figure 2.25 summarize similar
results reported for F-75 Ottawa Sand containing 2.0% fines (F-75-F).
In general, for water contents between 0.3% and 4.0%, the tensile strength of
moist sands increases with increasing water content, and this trend is more noticeable
with increasing density. Results for sand with the addition of fines showed and increase
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in tensile strength. The effects of density and fines on tensile strength are greatly
influenced by the water content, and this effect is more pronounced at high water
contents. However, at certain water content levels, the tensile strength decreases with
increasing water content. These results were interpreted to propose empirical models for
predicting tensile strength as a function of water content, relative density, and fines
content for F-75 Ottawa sand at relatively low water content levels:
 ( ) ( ) 170ln69ln += wDP rr
tσ (2.23)
for F-75 Ottawa Clean Sand, and
( ) ( ) 186ln77ln += wDP rr
tσ  (2.24)
for F-75 Ottawa sand with fines, where rP is a reference pressure (1 Pa), w is water
content (%), rD is relative density (%), and tσ is tensile strength (Pa).
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Table 2. 2: Summary of Direct Tension Test Results for F-75-C sand wetted at
%0.4%3.0 << w  and at the loose and dense states. Kim (2001)
Direct Tension Test, Loose
W (%) S (%) Dr (%) Tensile Stress(Pa)
0.3 1.2 29 321.5
0.5 1.7 32 409.7
1.0 3.8 30 580.7
1.1 4.0 28 586.1
2.1 7.8 27 704.9
4.0 14.8 26 873.0
4.0 14.9 28 850.6
Direct Tension Test, Dense
W (%) S (%) Dr (%) Tensile Stress(Pa)
0.37 1.7 70 392.6
0.47 2.1 71 498.5
1.02 4.7 72 730.5
1.04 4.7 70 732.9
2.05 9.2 68 982.0
3.89 17.5 68 1164.5
4.06 18.0 65 1150.8
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 Figure 2. 24: Relationship between Tensile Strength and Water Content for F-
75-C Sand at different densities. Kim (2001)
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Table 2. 3: Summary of Direct Tension Test Results for F-75-F sand wetted at
%0.4%3.0 << w  and at the loose and dense states. Kim (2001)
Direct Tension Test Loose
W (%) S (%) Dr (%) Tensile Stress(Pa)
0.3 1.1 30 310.1
0.47 1.8 30 425.5
1.02 3.8 29 608.7
2.05 7.6 27 811.4
2 7.4 28 744.0
4.03 15.0 29 951.1
4.06 15.0 28 914.6
Direct Tension Test Dense
W (%) S (%) Dr (%) Tensile Stress(Pa)
0.29 1.3 71 430.3
0.41 1.9 72 524.1
1.01 4.6 69 823.3
2.03 9.2 70 1065.4
2.03 9.3 70 1051.0
4 18.1 69 1346.7
Figure 2. 25: Relationship between Tensile Strength and Water Content for F-
75-F Sand at different densities. Kim (2001)
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Kim (2001) also reported results from modified direct shear tests conducted for
clean F-75-C Ottawa sand specimens and F-75-F specimens with 2% fines prepared to
loose conditions (Dr ~ 30%, e ~ 0.71). Tables 2.4 and 2.5 summarize results from direct
shear testing for F-75-C and F-75-F, respectively.
Table 2. 4: Summary of direct shear test results for F-75-C sand wetted at different
water contents (approximated from Kim, 2001)(F-75-C, e~0.71)
F-75-C (e ~ 0.71)
σn (Pa) σn (Pa) σn (Pa) σn (Pa)
100 200 500 1000
0 0.0 220 300 400 780
0.5 1.9 390 600 800 1100
1 3.7 450 700 950 1300
10 37.3 750 930 1050 1380
15 56.0 790 950 1090 1430
17 63.5 790 950 1110 1410
τf (Pa)
w (%) S (%)
Table 2. 5: Summary of direct shear test results for F-75-F sand wetted at different
water contents (approximated from Kim, 2001)(F-75-F, e~0.71)
F-75-F (e ~ 0.71)
σn (Pa) σn (Pa) σn (Pa) σn (Pa)
100 200 500 1000
0 0.0 220 350 500 700
0.5 1.9 400 600 850 1130
1 3.7 500 660 990 1300
w (%) S (%)
τf (Pa)
Lu et al. (2005) used the system shown in Figure 2.23 to determine the tensile
strength of clean sands commercially available from Western Australia (White Silica
Mineral Sands, Cook Industrial Minerals Pty Ltd). This included silty sand with a mean
particle size of 0.105 mm, a fine sand with a mean particle size of 0.167 mm, and a
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medium sand with a mean particle size of 0.451 mm. Tensile strength for the silty sand
was obtained as a function of degree of saturation ranging from about 0% to 90% for
porosity equal to 45%, which reflects loose packing. Tensile strength for the fine sand
was obtained for two porosity values: one representing medium packing with a porosity
value of 37%, and the other representing loose packing with a porosity of 45%. Tensile
strength for the medium sand was obtained for two porosity values: 37% and 0.40%.
Results are shown in Figures 2.26 through 2.28.
Figure 2. 26: Tensile strength as a function of saturation for silty sand (Lu et al., 2005)
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Figure 2. 27: Tensile strength as a function of saturation for fine sand (Lu et al., 2005)
Figure 2. 28: Tensile strength as a function of saturation for medium sand (Lu
et al., 2005)
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3 Materials and Methods
This chapter describes in detail the material used for this research, including the soil
properties grain size distribution, specific gravity, matric suction characteristics, and
particle morphology. The methods used to determine these properties are summarized.
Equipment that was used for performing the soil-water characteristic curve tests, direct
shear tests, and tensile strength tests is also described. Finally, the overall experimental
program (testing matrix) is summarized.
3.1 Soil Properties
One of the primary objectives of this research is to isolate the role of capillary
interparticle forces on the tensile strength, shear strength, and deformation behavior of
soils. Effective stress controls soil behavior and strength, and, as described in the
preceding chapter, the effective stress in unsaturated soil is affected in part by suction
stress. Effective stress in unsaturated (or saturated) soil is also affected by
physicochemical forces such as van der Waals attraction and electrical double layer
forces, which may change in magnitude and behavior as a function of degree of
saturation. To more effectively isolate the role of capillarity on unsaturated soil behavior,
therefore, it is desirable to select test materials where physicochemical effects are
relatively minor. It is also desirable to examine behavior over a wide range of total stress
and water content to clarify the relative importance of suction stress in contributing to
effective stress. Finally, it is desirable to examine relatively well-rounded materials such
that the observed experimental behavior may be more readily compared with the
previously introduced micro-structural theories based on spherical particle geometries.
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Materials selected for this research included three gradations of Ottawa sand.
Gradations selected included F-40, F-55, and F-75, which are progressively finer in grain
size. For all subsequent tests, specimens were compacted to relatively loose (e ~ 0.75)
and relatively dense (e ~ 0.6) conditions to examine the associated effects on shear and
tensile strength.
Figures 3.1, 3.2, and 3.3 show grain size distribution curves determined using
mechanical sieve analysis for the F-40, F-55, and F-75 sand respectively. Results are
compared with manufacturer-specified grain size distributions and are in relatively good
agreement. Mean particle sizes d10 are 0.25 mm, 0.18 mm, and 0.15 mm for the F-40, F-
55, and F-75 gradations, respectively. Specific gravity (Gs) was determined following the
procedures described in ASTM D-854 and found to be equal to 2.65.
Table 3. 1: Summary of grain size parameters for test sands.
Soil Type d60 d10 Cu Cc
Ottawa Sand
F-40
0.38 0.25 1.52 0.77
Ottawa Sand
F-55
0.27 0.18 1.50 1.09
Ottawa Sand
F-75
0.26 0.15 1.73 0.83
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Figure 3. 1: Grain size distribution curve for F-40 Ottawa sand
Grain Size Distribution Ottawa Sand F-55
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Figure 3. 2: Grain size distribution curve for F-55 Ottawa sand
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G rain Size Distribution Ottawa Sand F-75
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Figure 3. 3: Grain size distribution curve for F-75 Ottawa sand
Figure 3.4 shows a scanning electron micrograph of the F-55 sand, where it can be
seen that the material is generally sub-rounded to rounded in shape. It should also be
noted that numerous cracks and fissures are evident on the particle surfaces that might
facilitate adsorption and retention of water by mechanisms other than capillary adsorption
in the larger-scale pore space.
(a)
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Figure 3. 4: Scanning Electron Microscope Images of F-55 Ottawa Sand (a)
Magnified 200 times (b) Magnified 510 times
Figure 3.5 and 3.6 summarize minimum and maximum void ratios (e) for all three
sands, respectively. The finest gradation (F-75) generally packs to the loosest condition.
Theoretical maximum and minimum void ratios for uniform spheres in simple cubic
packing (loosest) and tetrahedral close packing (densest) geometries are e = 0.91 and
0.34, respectively.
Figure 3. 5: Measured minimum void ratio for all soil types used
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Figure 3. 6: Measured maximum void ratio for all soil types used
Compaction curves were determined using the standard Proctor compaction test
procedure (ASTM D698). An additional series of compaction curves was also obtained
for specimens compacted directly into Tempe pressure cells (i.e., smaller molds than used
for standard tests). These specimens were compacted at the same energy as a standard
Proctor compaction test and following a similar procedure. The objective of these tests
was to provide guidelines for compacting materials directly into Tempe cell molds for
subsequent determination of soil-water characteristic curves on compacted specimens. 
Figures 3.7 and 3.9 show standard Proctor compaction curves and the Tempe Cell
compaction curves, respectively. In general, the coarser material (F-40) compacts to a
greater density, which was also reflected by the previous determination of maximum and
minimum void ratios. A more detailed compaction curve for the F-40 sand in terms of
corresponding degree of saturation is shown as Figure 3.8 for analysis in Chapter 5.
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Figure 3. 7: Standard Proctor compaction curves for all soils used
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Figure 3. 8: Standard Proctor compaction curve for F-40 sand as function of
saturation
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Figure 3. 9: Tempe cell compaction curves for all soils used
3.2 Soil Water Characteristic Curves
3.2.1 SWCC Measurement Methods
Three different methods were used to determine soil-water characteristic curves
(SWCC). The first two methods used were axis translation techniques conducted using
Tempe cells, initially by applying negative water pressure and atmospheric air pressure
using a hanging column system, and subsequently by elevating pore air pressure while
maintaining atmospheric water pressure. The third method involved measuring negative
pore water pressure directly using tensiometers for specimens compacted to known water
content values.
Axis translation refers to the process of maintaining a pressure difference
between the air and water phases of unsaturated soil through the pores of a high-air-entry
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(HAE) material (e.g., saturated ceramic disk). If the specimen is in good contact with the
saturated HAE material, for example, it is possible to apply positive air pressure on one
side and allow the specimen pore water to drain freely through the HAE material under
atmospheric pressure on the other side. Alternatively, negative water pressure may be
applied to the pore water phase (e.g., using a hanging column system) while maintaining
the pore air pressure at atmospheric.
A Tempe cell consists of a saturated HAE ceramic disk separating air and water
chambers in a closed vessel (Fig. 3.10). Air pressure is applied in the top part of the
vessel and the bottom part is at atmospheric pressure. The air pressure for these tests was
applied using a panel able to apply a maximum of 50 psi (~345 kPa), and with a
resolution of 0.1 psi (~0.69 kPa). Water expelled from the specimen was measured
volumetrically using a calibrated constant-head board (small diameter tube; Fig. 3.11).
Figure 3. 10: Tempe cell set up used for this research
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Figure 3. 11: System used to measure outflow from the Tempe cell specimen
The second axis translation method used was the hanging column method (e.g.,
Wang & Benson; 2004). This involves essentially the same procedures as just described;
however, negative pore water pressure is applied directly by applying negative pressure
head using water two reservoirs at different elevations (Figure 3.12). Pore air pressure
was maintained atmospheric. The volume of water coming out of the specimen for
increments in applied suction was measured using the previously described flowmeter.
Figure 3.13, for example, shows the volume of pore water extracted from initially
saturated F-75 sand compacted to a porosity of 41.2% (e = 0.70) as a function of time.
Figure 3.14 shows the corresponding SWCC.
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Figure 3. 12: Schematic of hanging column system. Wang & Benson (2004)
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Figure 3. 13: Extracted pore water as a function of time from hanging column SWCC
test.
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Figure 3. 14: SWCC from hanging column test; F-75 sand.
The third method to obtain the SWCC was using tensiometers. A tensiometer is a
water-filled tube with an HAE ceramic tip at one end and a sensor for measuring negative
water pressure at the other (Figure 3.15a). The ceramic tip is buried in a specimen. The
tubing that connects the ceramic tip to the pressure sensor is saturated to create a
hydraulic connection between negative pore water pressure in the specimen, the water in
the tensiometer body, and the pressure sensing device. For these tests, soils were
compacted to known density and water content into the Tempe Cell molds and a
tensiometer was embedded in the soil to measure matric suction (Figure 3.15b).
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(a)
      (b)
Figure 3. 15: (a) Schematic diagram of a small-tip tensiometer (Soilmoisture
Equipment Co); (b) Test specimens compacted into Tempe cells
3.2.2 SWCC Models
Once matric suction values were obtained corresponding to different water
contents for all three different gradations of sand, the SWCCs were plotted. Three
different models were used to fit the experimental data: the Brooks & Corey (1964), van
Genuchten (1980), and Fredlund & Xing (1994) models. The Brooks & Corey (1964)
expression is a two-part model in the form:
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beS ψψ <= 1 (3.1a)
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⎛= (3.1b)
where eS is the effective degree of saturation, ψ is matric suction, bψ is the air-entry
pressure, and λ a pore size distribution index optimized to fit the model to experimental
data.
The van Genuchten (1980) model is
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where a, n, and m are fitting parameters, where the latter is typically constrained to
 
n
m
2
11−= (3.2b)
The Fredlund & Xing (1994) expression is
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where e is the natural logarithmic constant and a, n, and m are fitting parameters.
Figures 3.16, 3.17, and 3.18 show SWCCs and corresponding models determined
for F-40, F-55, and F-75 Ottawa Sand compacted to relatively loose conditions (e =
0.75). The experimental data reported was obtained from the tensiometer tests. Figures
3.19, 3.20, and 3.21 show similar results for specimens compacted to relatively dense (e
= 0.60) conditions. Table 3.2 summarizes fitting parameters selected to model the results.
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Figure 3. 16: Soil Water Characteristic Curve Models for F-40 Ottawa Sand (e=0.75)
Figure 3. 17: Soil Water Characteristic Curve Models for F-55 Ottawa Sand (e=0.75)
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Figure 3. 18: Soil Water Characteristic Curve Models for F-75 Ottawa Sand (e=0.75)
Figure 3. 19: Soil Water Characteristic Curve Models for F-40 Ottawa Sand (e=0.60)
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Figure 3. 20: Soil Water Characteristic Curve Models for F-55 Ottawa Sand
(e=0.60)
Figure 3. 21: Soil Water Characteristic Curve Models for F-75 Ottawa Sand (e=0.60)
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Table 3. 2: Summary of SWCC modeling parameters.
Brooks and Corey (1964)
F-75 F-55 F-40Parameters Loose Dense Loose Dense Loose Dense
λ 3.3 1.5 2.3 2.5 3.1 3.1
Sr 0.00 0.01 0.01 0.01 0.00 0.00
Ψb (kPa) 3.5 2.0 1.8 2.0 3.0 2.8
van Genuchten (1980)
α (kPa-1) 0.25 0.29 0.42 0.4 0.25 0.25
n 5.0 5.0 4.0 4.0 8.0 9.0
m 0.80 0.80 0.75 0.75 0.88 0.89
θs 0.37 0.43 0.37 0.43 0.43 0.43
θr 0.1 0.1 0.1 0.1 0.1 0.1
e 0.75 0.6 0.75 0.6 0.75 0.75
Fredlund and Xing (1994)
a 9.0 4.0 5.0 5.0 4.5 4.5
n 5.0 3.0 2.0 2.5 8.0 8.0
m 50 3 8 8 4 5
3.3 Direct Shear Testing
3.3.1 Apparatus Description
The direct shear test is one of several methods available for measuring the shear
strength of soils. The apparatus consists of a shear box, carriage, and loading frame. The
shear box used is a split horizontally and holds a soil specimen with a circular cross
section. The diameter of the specimen is approximately 2.4 inches (6.13 cm). Figure 3.22
shows a schematic of a typical direct shear apparatus. The specimen is seated between
two porous stones that allow drainage. The contact surfaces between the specimen and
the porous stones are grooved to prevent slippage between the specimen and the stones
during shearing. For testing, the specimen is subjected to a vertical load per unit of area
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Water Bath
Soil SpecimenPorous Stone
Dial GageNormal Force
Shear Force
applied to the upper loading platen. Lateral force is then applied to the lower half of the
box using a constant rate of deformation until shear failure is induced. Shear stress may
then be plotted as a function of lateral displacement to determine the peak shear stress
sustained.
Figure 3. 22: Schematic of typical direct shear testing setup
Tests conducted for this research were performed using a Wykeham-Farrance direct
shear machine equipped to record vertical deformations, horizontal deformations, and
shearing force, as well as to control the rate of deformation (Figure 3.23). Specimens
were compacted directly into the shear box at pre-prepared water contents (16-hour cure
time) using a special sliding hammer designed to provide energy equivalent to standard
energy Proctor compaction. Similar sliding hammers were also designed to compact
specimens directly into the tensile strength testing apparatus (Section 3.4), and the Tempe
cells used to determine SWCCs (Section 3.2). Table 3.3 summarizes the properties of
these hammers and associated molds, including compactive energy, volume of the mold,
and drop distance. Figure 3.24 shows photographs of the three sliding hammers.
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Figure 3. 23: Photograph of direct shear testing apparatus
Table 3. 3: Summary of sliding hammer and compaction mold Properties
Sliding HammerStandard Proctor
6042 cm-g/cm3
Tensile Strength
Box
Direct
Shear
Tempe
Cell
Hammer Wt. (g) 1659.3 1202.2 1202.2
Disc (g) 516.3 264.5 264.5
Lifts (#) 7 3 3
Blows (#) 25 15 15
Drop (cm) 49 7.5 6.2
Volume of Mold (cm3) 2433.5 81.4 67.2
Energy Per unit
volume (cm-g/ cm3) 6061 7062 6097
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Figure 3. 24: Sliding Hammers designed for compacting specimens into: (a) Tempe
cell, (b) direct shear system, and (c) Tensile Strength system
3.3.2 Experimental Program
The experimental program for direct shear testing included all three gradations of
Ottawa Sand compacted to two different void ratios: a relatively dense condition (e ~
0.60) and a relatively loose condition (e ~ 0.75). In addition to tests performed on
saturated specimens, tests for specimens prepared to eight different gravimetric water
contents were performed: 2%, 4%, 6%, 8%, 10%, 12%, 15%, and 18%. Table 3.4
summarizes the complete direct shear testing program.
(a) (b)
(c)
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Table 3. 4: Summary of direct shear testing program
Test Soil Type Density W%
Dry
2%
4%
6%
8%
10%
12%
15%
Direct Shear Tests
Ottawa Sand F-40
Ottawa Sand F-55
Ottawa Sand F-75
Loose
(e ~ 0.75)
&
Dense
(e ~ 0.60)
18%
3.3.3 Procedure
Three magnitudes of normal stresses were applied to develop failure envelopes:
5psi (~35 kPa), 15 psi (~103 kPa), and 40 psi (~276 kPa). All specimens were sheared at
a constant rate of deformation of 0.5 mm/min. Horizontal displacement, vertical
displacement, and shear load were measured during shear.
Specimens were pluviated by gravity using a small funnel to obtain relatively
loose compaction conditions for the dry sand specimens. A belt sander was used to
vibrate the sides of the shearing device to obtain relatively dense conditions for the dry
specimens. An undercompaction method and the sliding hammer shown as Figure 3.24b
were used to achieve homogeneous specimens and reproducible densities for the partially
saturated specimens. Here, three individual soil layers (lifts) were compacted to a lower
density than the final desired value (e = 0.75 or e = 0.60) to normalize the cumulative
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compaction effect as each subsequent layer is compacted. The expression used to
compute percent undercompaction was as follows:
( ) ( )⎥⎦
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⎡ −−
−−= 1
1
n
n
UU
UU
t
ntni
nin (3.4)
where nU is the undercompaction percentage, niU is the percent undercompaction of the
first layer, ntU is the percent undercompaction of the last layer, n is the number of the
current layer, tn  is the total number of layers (nt = 3). Table 3.5, for example, shows
relevant data for direct shear tests conducted at 8% water content and e ~ 0.60 for F-55
sand. A similar undercompaction method was used to prepare specimens for the tensile
strength testing series and the SWCC testing series.
Table 3. 5: Undercompaction data for F-55 Ottawa sand (w = 8%, e = 0.60)
Layer Uni Unt nt n Un
1 5 0 3 1 5
2 5 0 3 2 2.5
3 5 0 3 3 0
Lift
1 cm
Volume
81.4 cm3
Dry Unit
weight
Water
Content
Total
Vol.
Total
Wt
Layer
Wt
γd (g/
cm3) wa
Vm
(cm3) Wt (g) Wl (g)
1.71 0.08 81.4 150.3 50.1
Height
of layer
Layer ht (cm) nt n Un hn (cm)
1 2.76 3 1 5 0.97
2 2.76 3 2 2.5 1.86
3 2.76 3 3 0 2.76
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3.4 Tensile Strength Testing
3.4.1 Apparatus Description
The tensile strength testing device used for this research was based on the direct
tension device described by Kim (2001). The sample container (Figure 3.25) consists of a
6-in by 6-in by 6-in box split in two equal halves. The front part is mounted on two sets
of precision roller bearings sliding on two guide rails attached to the bottom of the device
and 8.9 cm apart. The rear half of the box rests on two solid spacers to position it at the
same height as the front half. Four 20º wedges were attached inside the box to facilitate
contact between the specimen and the internal walls as tension develops across the plane
of separation. Both halves of the box rest on a loading table with two pulleys installed to
connect loading wires (Figure 3.26). Wires are attached to the bottom of the (movable)
front half and connected to the buckets through pulleys (Figure 3.27). A dial gage with a
precision of 0.0001 inches (2.54 × 10-4 cm) was installed to measure deformations
parallel to the plane of separation during tensile loading (Figure 3.28).
Figure 3. 25: Plan view of tensile strength testing device
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Figure 3. 26: Side view of tensile strength testing device
Figure 3. 27: Loading system used to apply tensile stress
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Figure 3. 28: Dial gage used to measure deformations parallel to failure plane
3.4.2 Experimental Program
The direct tension testing series included tests for all three gradations of Ottawa
compacted at relatively dense and relatively loose void ratios (e ~ 0.60 and 0.75,
respectively). Specimens were compacted to the same water contents as for the direct
shear testing program (2%, 4%, 6%, 8%, 10%, 12%, 15%, and 18%). Table 3.6
summarizes the complete direct tension testing program.
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Table 3. 6: Summary of tensile strength testing program
Test Soil Type Density W%
2%
4%
6%
8%
10%
12%
15%
Tensile Strength
Ottawa Sand F-40
Ottawa Sand F-55
Ottawa Sand F-75
Loose
(e ~ 0.75)
&
Dense
(e ~ 0.60)
18%
3.4.3 Procedure
Specimens for direct tension testing were prepared using the sliding hammer
shown as Figure 3.24c and the undercompaction method with eight layers (lifts). Table
3.6, for example, summarizes undercompaction calculations for a loose F-75 Ottawa sand
specimen preparation at water content of 10%. The two halves of the box were clamped
to prevent movement during compaction. The rear loading container was partially filled
with water to initialize the system against the front loading bucket to prevent movement
at the initial stage of tensile loading. Tensile loading was then applied by introducing
water into the front loading bucket at a rate of approximately 13g/sec until tensile failure
occurred. Deformation readings were taken from the dial gage every 10 seconds.
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Table 3. 7: Undercompaction data for F-75 Ottawa sand (w = 10%, e = 0.75)
Layer Uni Unt nt n Un
1 10 0 8 1 10
2 10 0 8 2 8.57
3 10 0 8 3 7.14
4 10 0 8 4 5.71
5 10 0 8 5 4.29
6 10 0 8 6 2.86
7 10 0 8 7 1.43
8 10 0 8 8 0
Lift
1.27 cm
Volume
1426.1 cm3
Dry Unit
Wt
Water
Content Volume
Total
Wt
Layer
Wt
γd (g/
cm3) wa
Vm
(cm3) Wt (g) Wl (g)
1.66 0.1 1426.1 2604.1 325.5
Height
of layer
Layer ht (cm) nt n Un hn (cm)
1 10.16 8 1 10 1.40
2 10.16 8 2 8.57 2.65
3 10.16 8 3 7.14 3.90
4 10.16 8 4 5.71 5.15
5 10.16 8 5 4.29 6.40
6 10.16 8 6 2.86 7.66
7 10.16 8 7 1.43 8.91
8 10.16 8 8 0 10.16
3.4.4 Data Reduction
The following expression was used to calculate tensile load as a function of time
FBBBftLRL +−−= * (3.5a)
ttf 632.4*01.0 2 +−= (3.5b)
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where L is the tensile force (g), LR is the loading rate, t is time, f is a friction
function determined by conducting a series of tests without soil present, BB is the back
bucket mass, and FB is the front bucket mass. A series of twenty six tests was performed
without soil present in the specimen box to calculate the friction function (eq. 3.5b and
Figure 3.29). A series of tests where weights were placed in the movable half of the box
demonstrated that the weight of the soil specimen should not significantly affect the
friction function. Loading rate for use in eq. (3.5a) was calculated as the mass of the front
bucket at the end of the test minus the mass of the front bucket at the start of the test
divided by the total test time. To determine tensile strength, the tensile force at failure
was divided by the cross sectional area of the specimen at the division between the two
halves of the box.
Figure 3. 29: Results from preliminary testing of system to determine system friction
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4 Results
4.1 Direct Shear Results
Direct shear tests were performed at eight different water contents and two
different void ratios for the three gradations of Ottawa sand. Relatively loose (e = 0.75)
and relatively dense (e = 0.60) specimens were prepared at 0%, 2.0%, 4.0%, 6.0%, 8.0%,
10%, 12.0%, 15%, and 18.0% water content. Failure envelopes were obtained by plotting
shear stress as a function of normal stress during the tests and drawing a tangent line to
the peak shear stress observed.
Detailed testing results from the entire direct shear testing series are included in
the Appendix A. For illustration, Figures 4.1 and 4.2 show failure envelopes determined
for dry F-75 Ottawa sand compacted to dense and loose conditions, respectively. Figure
4.3 shows shear stress as a function of horizontal displacement for dense F-75 Ottawa
sand at 15psi (103 kPa) normal stress prepared to different water contents. Figure 4.4
shows similar results for loose compaction conditions and a normal stress of 40 psi (276
kPa). Tables 4.1 and 4.2 summarize results from the entire series of direct shear tests for
F-75 and F-55 Ottawa Sand. Results are interpreted in Chapter 5.
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Figure 4. 1: Failure envelope for loose dry F-75 Ottawa sand (e= 0.60)
Figure 4. 2: Failure envelope for dense dry F-75 Ottawa sand (e= 0.75)
 
0.00 
5.00 
10.00 
15.00 
20.00 
25.00 
30.00 
35.00 
40.00 
0.00 10.00 20.00 30.00 40.00 50.00 60.00 
Normal Stress (psi)
c`=0 psi
angle of friction=39.5
- 76 -
Figure 4. 3: Shear stress as a function of horizontal displacement at different water
contents for dense F-75 Ottawa sand (σn = 15 psi)
Figure 4. 4: Shear stress as a function of horizontal displacement at different water
contents for loose F-75 Ottawa sand (σn = 40 psi)
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Shear Stress vs. Horizontal Displacement for F-75 Ottawa Sand (Normal Stress=40 psi)
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Table 4. 1: Direct Shear Results for F-75 Ottawa Sand
Water Content
(Target) 2%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.24 43 20.94 144 56.96 392
Corrected Area
(sq in & sq cm) 3.91 25 3.63 23 3.68 23
Shear Force (lb&
N) 15.36 68 46.98 208 121.1 538
Shear Stress
(psi & kPa) 3.92 27 12.93 89 32.9 226
Horizontal
Displacement (in
& cm)
0.27 0.7 0.39 1.0 0.37 1.0
Volumetric Strain
(%) -1.88 -3.07 -2.96
Initial Void Ratio 0.73 0.76 0.74
Final Void Ratio 0.7 0.71 0.69
Angle of Friction
(degrees) 29.4
Capillary
Cohesion (psi) 0.87 (5998 Pa)
Actual Water
Content 1.6% (1.8% Mix)
Saturation(%) 6.1 6.0 6.1
Volumetric
Water Content
(%)
2.6 2.6 2.6
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(continued)
Water Content
(Target) 4%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.39 44 21.63 149 57.75 398 6.39 44 21.19 146 58.92 406
Corrected Area
(sq in & sq cm) 3.82 25 3.52 23 3.57 23 3.82 25 3.59 23 3.49 22
Shear Force (lb&
N) 16.71 74 50.14 223 119.3 530 15.81 70 46.53 207 117.4 522
Shear Stress
(psi & kPa) 4.37 30 14.25 98 33.45 231 4.13 28 12.95 89 33.61 232
Horizontal
Displacement (in
& cm)
0.31 0.79 0.44 1.12 0.42 1.07 0.31 0.79 0.41 1.04 0.45 1.14
Volumetric Strain
(%) 0.93 -1.53 -0.8 -1.82 -2.97 -3.22
Initial Void Ratio 0.55 0.56 0.63 0.75 0.76 0.76
Final Void Ratio 0.57 0.53 0.61 0.71 0.71 0.7
Angle of Friction
(degrees) 28.8 28.9
Capillary
Cohesion (psi) 1.74 (11997 Pa) 1.13 (7791 Pa)
Actual Water
Content 4.2% 3.2 % (3.3% Mix)
Saturation(%) 19.5 21.0 18.2 11.9 11.9 12.1
Volumetric
Water Content
(%)
6.9 7.5 7.1 5.1 5.2 5.2
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(continued)
Water Content
(Target) 6%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
5.58 38 19.69 136 58.57 404 6.24 43 21.49 148 59.33 409
Corrected Area
(sq in & sq cm) 4.38 28 3.86 25 3.52 23 3.91 25 3.54 23 3.47 22
Shear Force (lb&
N) 19.42 86 45.17 201 119.7 533 15.81 70 45.62 203 113.4 504
Shear Stress
(psi & kPa) 4.44 31 34.05 235 119.7 825 4.04 28 12.88 89 32.67 225
Horizontal
Displacement (in
& cm)
0.08 0.20 0.29 0.74 0.44 1.12 0.27 0.69 0.43 1.09 0.46 1.17
Volumetric Strain
(%) -0.08 0.12 -0.8 -2.54 -2.85 -2.85
Initial Void Ratio 0.56 0.55 0.55 0.76 0.76 0.76
Final Void Ratio 0.55 0.55 0.54 0.72 0.71 0.71
Angle of Friction
(degrees) 29.3 27.6
Capillary
Cohesion (psi) 1.18 (8135 Pa) 1.69 (11652 Pa)
Actual Water
Content 5.2% (5.2% Mix) 5.2 % (5.7% Mix)
Saturation(%) 25.1 25.1 25.5 19.1 19.4 19.4
Volumetric
Water Content
(%)
9.0 8.9 9.1 8.3 8.4 8.4
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(continued)
Water Content
(Target) 8%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
5.64 39 20.59 142 59.73 412 6.24 43 20.68 143 59.69 412
Corrected Area
(sq in & sq cm) 4.33 28 3.7 24 3.45 22 3.92 25 3.68 24 3.45 22
Shear Force (lb&
N) 20.33 90 47.43 211 131.9 589 15.36 68 47.43 211 117.9 524
Shear Stress
(psi & kPa) 4.7 32 12.83 89 38.27 264 3.92 27 12.89 89 34.18 236
Horizontal
Displacement (in
& cm)
0.1 0.25 0.37 0.94 0.45 1.14 0.27 0.69 0.37 0.94 0.47 1.19
Volumetric Strain
(%) -0.13 0.06 -0.46 -2.42 -3.22 -3.07
Initial Void Ratio 0.56 0.56 0.56 0.76 0.75 0.76
Final Void Ratio 0.56 0.56 0.55 0.72 0.69 0.71
Angle of Friction
(degrees) 27.6 29
Capillary
Cohesion (psi) 1.06 (7308 Pa) 1.11 (7653 Pa)
Actual Water
Content 7.6% (7.6% Mix) 6.7% (7.3% Mix)
Saturation(%) 36.0 36.0 36.6 24.7 25.7 25.0
Volumetric
Water Content
(%)
12.9 12.9 13.1 10.6 11.0 10.8
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(continued)
Water Content
(Target) 10%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.06 42 20.05 138 56.4 389 6.48 45 20.32 140 58.92 406
Corrected Area
(sq in & sq cm) 4.03 26 3.8 25 3.65 24 3.77 24 3.75 24 3.49 23
Shear Force (lb&
N) 18.07 80 47.88 213 121.5 541 15.81 70 49.24 219 117.9 525
Shear Stress
(psi & kPa) 4.48 31 12.62 87 33.28 230 4.19 29 13.14 91 33.74 233
Horizontal
Displacement (in
& cm)
0.22 0.56 0.32 0.81 0.38 0.97 0.33 0.84 0.34 0.86 0.45 1.14
Volumetric Strain
(%) 0.11 -0.56 -1.2 -1.98 -2.49 -3
Initial Void Ratio 0.61 0.61 0.61 0.76 0.76 0.73
Final Void Ratio 0.61 0.6 0.59 0.72 0.72 0.68
Angle of Friction
(degrees) 29.7 28.9
Capillary
Cohesion (psi) 1.11 (7653 Pa) 1.22 (8411 Pa)
Actual Water
Content 9.4% (9.9%) 0.095
Saturation(%) 40.8 41.5 42.2 35.0 35.0 37.0
Volumetric
Water Content
(%)
15.5 15.7 16.0 15.1 15.1 15.6
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(continued)
Water Content
(Target) 12%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.1 42 19.39 134 60.53 417 6.47 45 12.23 84 56.29 388
Corrected Area
(sq in & sq cm) 4.01 26 3.92 25 3.4 22 3.78 24 3.42 22 3.66 24
Shear Force (lb&
N) 18.07 80 48.78 217 124.2 553 16.71 74 46.07 205 117 520
Shear Stress
(psi & kPa) 4.51 31 12.43 86 36.52 252 4.43 31 13.46 93 31.98 220
Horizontal
Displacement (in
& cm)
0.23 0.58 0.27 0.69 0.45 1.14 0.33 0.84 0.48 1.22 0.38 0.97
Volumetric Strain
(%) -0.05 -0.57 -1.45 -1.69 -2.75 -3.59
Initial Void Ratio 0.61 0.61 0.59 0.73 0.73 0.74
Final Void Ratio 0.6 0.6 0.57 0.7 0.68 0.69
Angle of Friction
(degrees) 30.1 28.5
Capillary
Cohesion (psi) 1.37 (9445 Pa) 1.38 (9514 Pa)
Actual Water
Content 11.4% (12.0% Mix) 11.7% (12.1% Mix)
Saturation(%) 50.4 50.4 53.0 44.3 45.6 44.9
Volumetric
Water Content
(%)
19.1 19.1 19.7 18.7 19.2 19.1
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(continued)
Water Content
(Target) 15%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.19 43 21.97 151 60.53 417 6.32 44 20.43 141 59.73 412
Corrected Area
(sq in & sq cm) 3.95 25 3.46 22 3.4 22 3.86 25 3.72 24 3.45 22
Shear Force (lb&
N) 18.97 84 49.69 221 123.8 551 16.26 72 45.17 201 122 542
Shear Stress
(psi & kPa) 4.81 33 14.35 99 36.38 251 4.21 29 12.13 84 35.38 244
Horizontal
Displacement (in
& cm)
0.26 0.66 0.46 1.17 0.49 1.24 0.29 0.74 0.35 0.89 0.47 1.19
Volumetric Strain
(%) 0.06 -0.94 -2.55 -1.79 -1.63 -2.28
Initial Void Ratio 0.59 0.6 0.6 0.69 0.66 0.7
Final Void Ratio 0.59 0.59 0.56 0.66 0.63 0.67
Angle of Friction
(degrees) 28.3 30.6
Capillary
Cohesion (psi) 1.71 (11790 Pa) 1.0 (6895 Pa)
Actual Water
Content 14.5% (14.0 % Mix) 0.143
Saturation(%) 65.1 65.1 68.6 57.4 60.2 56.6
Volumetric
Water Content
(%)
24.2 24.4 25.7 23.4 23.9 23.3
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(continued)
Water Content
(Target) 18%
F-75 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.24 43 21.22 146 59.73 412 6.32 44 20.43 141 59.73 412
Corrected Area
(sq in & sq cm) 3.92 25 3.59 23 3.45 22 3.86 25 3.72 24 3.45 22
Shear Force (lb&
N) 18.52 82 45.62 203 121.5 541 16.26 72 45.17 201 122 543
Shear Stress
(psi & kPa) 4.73 33 12.72 88 35.25 243 4.21 29 12.13 84 35.38 244
Horizontal
Displacement (in
& cm)
0.27 0.69 0.41 1.04 0.47 1.19 0.29 0.74 0.35 0.89 0.47 1.19
Volumetric Strain
(%) -0.05 -0.9 -1.66 -1.79 -1.63 -2.28
Initial Void Ratio 0.58 0.57 0.58 0.73 0.7 0.75
Final Void Ratio 0.58 0.56 0.55 0.7 0.68 0.71
Angle of Friction
(degrees) 29.7 30.6
Capillary
Cohesion (psi) 1.25 (8618 Pa) 0.75 (5171 Pa)
Actual Water
Content 17.9 % (17.9% Mix)
Saturation(%) 81.8 84.7 86.2
Volumetric
Water Content
(%)
30.0 30.8 31.7
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Table 4. 2: Direct Shear Results for F-55 Ottawa Sand
Water Content
(Target) 2%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.63 46 20.05 138 59.69 412
Corrected Area
(sq in & sq cm) 3.68 24 3.8 25 3.45 22
Shear Force (lb&
N) 15.36 68 45.62 203 116.1 517
Shear Stress
(psi & kPa) 4.17 29 12.02 83 33.66 232
Horizontal
Displacement (in
& cm)
0.37 0.94 0.32 0.81 0.47 1.19
Volumetric Strain
(%) -1.53 -2.43 -2.83
Initial Void Ratio 0.73 0.76 0.76
Final Void Ratio 0.7 0.72 0.71
Angle of Friction
(degrees) 28.6
Capillary
Cohesion (psi) 1.09 (7515 Pa)
Actual Water
Content 1.2% (1.4% Mix)
Saturation(%) 4.5 4.4 4.5
Volumetric
Water Content
(%)
1.9 1.9 1.9
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Water Content
(Target) 4%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.32 44 19.68 136 53.25 367
Corrected Area
(sq in & sq cm) 3.87 25 3.87 25 3.87 25
Shear Force (lb&
N) 14.16 63 41.1 183 119.3 530
Shear Stress
(psi & kPa) 3.62 25 10.63 73 30.84 212
Horizontal
Displacement (in
& cm)
0.29 0.74 0.29 0.74 0.29 0.74
Volumetric Strain
(%) -1.59 -1.87 -2.64
Initial Void Ratio 0.76 0.76 0.76
Final Void Ratio 0.73 0.73 0.72
Angle of Friction
(degrees) 30.1
Capillary
Cohesion (psi) 0
Actual Water
Content 3.8% (3.6% Mix)
Saturation(%) 13.8 13.8 14.0
Volumetric
Water Content
(%)
6.0 6.0 6.0
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(continued)
Water Content
(Target) 6%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.24 43 20.16 139 58.88 406
Corrected Area
(sq in & sq cm) 3.91 25 3.77 24 3.5 23
Shear Force (lb&
N) 12.65 56 45.62 203 121.5 541
Shear Stress
(psi & kPa) 3.23 23 12.09 83 34.75 240
Horizontal
Displacement (in
& cm)
0.27 0.69 0.33 0.84 0.45 1.14
Volumetric Strain
(%) -0.96 -2.58 -2.88
Initial Void Ratio 0.75 0.76 0.76
Final Void Ratio 0.73 0.72 0.71
Angle of Friction
(degrees) 30.5
Capillary
Cohesion (psi) 0
Actual Water
Content 5.4% (5.6% Mix)
Saturation(%) 19.6 19.9 20.2
Volumetric
Water Content
(%)
8.4 8.6 8.7
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(continued)
Water Content
(Target) 8%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.24 43 19.45 134 54.52 376
Corrected Area
(sq in & sq cm) 3.91 25 3.91 25 3.78 24
Shear Force (lb&
N) 15.36 68 25.75 115 118.4 526
Shear Stress
(psi & kPa) 3.93 27 6.58 45 31.34 216
Horizontal
Displacement (in
& cm)
0.27 0.69 0.27 0.69 0.33 0.84
Volumetric Strain
(%) -2.23 -2.17 -2.51
Initial Void Ratio 0.75 0.76 0.78
Final Void Ratio 0.71 0.73 0.74
Angle of Friction
(degrees) 29.9
Capillary
Cohesion (psi) 0
Actual Water
Content 7.1% (7.7% Mix)
Saturation(%) 26.5 25.8 25.4
Volumetric
Water Content
(%)
11.4 11.1 11.1
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(continued)
Water Content
(Target) 10%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.24 43 19.67 136 54.52 376 6.36 44 20.15 139 57.37 396
Corrected Area
(sq in & sq cm) 3.91 25 3.87 25 3.78 24 3.84 25 3.78 24 3.59 23
Shear Force (lb&
N) 16.71 74 45.17 201 113.4 504 15.36 68 46.98 209 117 520
Shear Stress
(psi & kPa) 4.27 29 11.67 80 30.02 207 4 28 12.44 86 32.6 225
Horizontal
Displacement (in
& cm)
0.27 0.69 0.29 0.74 0.33 0.84 0.3 0.76 0.33 0.84 0.41 1.04
Volumetric Strain
(%) 0.19 -0.43 -1.3 -1.37 -2.43 -2.67
Initial Void Ratio 0.6 0.61 0.6 0.74 0.75 0.74
Final Void Ratio 0.61 0.6 0.58 0.72 0.7 0.7
Angle of Friction
(degrees) 27.6 28.3
Capillary
Cohesion (psi) 1.57 (10824 Pa) 1.66 (11445 Pa)
Actual Water
Content
9.6%
Saturation(%) 35.3 36.3 36.3
Volumetric
Water Content
(%)
15.0 15.6 15.5
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(continued)
Water Content
(Target) 12%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.32 44 19.45 134 58.92 407 6.24 43 20.16 139 55.92 386
Corrected Area
(sq in & sq cm) 3.86 25 3.91 25 3.49 23 3.91 25 3.77 24 3.68 24
Shear Force (lb&
N) 16.71 74 45.62 203 117.4 522 14.91 66 46.07 205 120.1 534
Shear Stress
(psi & kPa) 4.32 30 11.66 80 33.61 232 3.81 26 12.21 84 32.76 226
Horizontal
Displacement (in
& cm)
0.29 0.74 0.27 0.69 0.45 1.14 0.27 0.69 0.33 0.84 0.37 0.94
Volumetric Strain
(%) 0.24 -0.74 -1.41 -1.61 -2.47 -2.45
Initial Void Ratio 0.59 0.59 0.59 0.74 0.76 0.76
Final Void Ratio 0.59 0.58 0.57 0.72 0.72 0.72
Angle of Friction
(degrees) 28.7 29.7
Capillary
Cohesion (psi) 1.32 (9101 Pa) 0.86 (5929 Pa)
Actual Water
Content 11.5% (11.9% Mix)
Saturation(%) 42.3 42.3 42.3
Volumetric
Water Content
(%)
18.0 18.3 18.3
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(continued)
Water Content
(Target) 15%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.39 44 20.82 144 59.29 409
Corrected Area
(sq in & sq cm) 3.82 25 3.66 24 3.47 22
Shear Force (lb&
N) 15.81 70 46.53 207 115.6 514
Shear Stress
(psi & kPa) 4.14 29 12.73 88 33.3 230
Horizontal
Displacement (in
& cm)
0.31 0.79 0.38 0.97 0.46 1.17
Volumetric Strain
(%) -2.06 -1.76 -2.9
Initial Void Ratio 0.77 0.74 0.75
Final Void Ratio 0.73 0.71 0.7
Angle of Friction
(degrees) 28.3
Capillary
Cohesion (psi) 1.35 (9307 Pa)
Actual Water
Content 14.5% (16.0% Mix)
Saturation(%) 52.6 54.1 54.9
Volumetric
Water Content
(%)
22.9 23.0 23.5
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(continued)
Water Content
(Target) 18%
F-55 Dense Loose
Normal Stress
(Target) (psi) 5 15 40 5 15 40
Normal Stress
(Failure) (psi &
kPa)
6.24 43 19.9 137 58.92 406
Corrected Area
(sq in & sq cm) 3.91 25 3.82 25 3.49 23
Shear Force (lb&
N) 15.81 70 46.98 209 118.8 528
Shear Stress
(psi & kPa) 4.04 28 12.28 85 34 234
Horizontal
Displacement (in
& cm)
0.27 0.69 0.31 0.79 0.45 1.14
Volumetric Strain
(%) -1.6 -1.64 -2.61
Initial Void Ratio 0.77 0.77 0.75
Final Void Ratio 0.74 0.74 0.7
Angle of Friction
(degrees) 29.2
Capillary
Cohesion (psi) 1.12 (7722 Pa)
Actual Water
Content 17.3% (17.6% Mix)
Saturation(%) 62.0 62.0 65.5
Volumetric
Water Content
(%)
27.0 27.0 28.1
Vertical deformations were recorded and used to determine volumetric strain.
Figure 4.5, for example, shows volumetric strain as a function of horizontal displacement
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for saturated F-75 Ottawa sand at the loose condition. Figure 4.6 shows similar results for
the dense condition. Positive volumetric strain represents dilation of the specimen
whereas negative volumetric strain represents contraction.
Figure 4. 5: Volumetric strain as a function of horizontal displacement for saturated
loose F-75 Ottawa sand (e=0.75)
Figure 4. 6: Volumetric strain as a function of horizontal displacement for saturated
dense F-75 Ottawa sand (e=0.60)
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Figures 4.7, 4.8, 4.9 show volumetric strain as a function of horizontal
displacement at different water contents for F-75 Ottawa sand and the dense condition
under 5 psi, 15 psi, and 40 psi normal stresses respectively. Figures 4.10, 4.11, and 4.12
show similar results for the loose condition.
Figure 4. 7: Volumetric strain as a function of horizontal displacement at different
water contents for dense F-75 Ottawa sand (σn =5psi)
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Figure 4. 8: Volumetric strain as a function of horizontal displacement at different
water contents for dense F-75 Ottawa sand (σn =15psi)
Figure 4. 9: Volumetric strain as a function of horizontal displacement at different
water contents for dense F-75 Ottawa sand (σn =40psi)
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Figure 4. 10: Volumetric strain as a function of horizontal displacement at different
water contents for loose F-75 Ottawa sand (σn =5psi)
Figure 4. 11: Volumetric strain as a function of horizontal displacement at different
water contents for loose F-75 Ottawa sand (σn =15psi)
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Figure 4. 12: Volumetric Strain as a function of Horizontal Displacement at different
water contents for loose F-75 Ottawa Sand (σn =40psi)
4.2 Tensile Strength Results
A series of tensile strength tests were performed at eight different water contents,
and two different void ratios. F-75 Ottawa sand, F-55 Ottawa sand, and F-40 Ottawa sand
compacted to loose (e ~ 0.75) and dense (e ~ 0.60) conditions were prepared at 2.0%,
4.0%, 6.0%, 8.0%, 10%, 12.0%, 15.0%, and 18.0% water contents. The data obtained
was reduced and the tensile strength was calculated for each test. Tensile strength was
determined by calculating the ultimate tensile stress obtained from the test after the
friction of the system was subtracted. Tables 4.3, 4.4, and 4.5 show results obtained for
the tensile strength tests for F-40, F-55, and F-75 Ottawa sand. Tensile strength values for
F-40 Ottawa sand are plotted as a function of degree of saturation and water content in
Figure 4.13. Similar results are shown in Figures 4.14 and 4.15 for F-55 and F-75 Ottawa
sand.
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Table 4. 3: Summary of tensile strength results for F-40 Ottawa sand
F-40 Tensile Strength(Pa) Saturation (%)
Water Content Dense Loose Dense Loose
2% 3035 3248 8% 7%
4% 2762 2905 18% 14%
6% 2752 2665 27% 21%
8% 2845. 2337 35% 28%
10% 2372 3843 44% 35%
12% 3515 3637 53% 42%
15% 3872 3561 66% 53%
18% 5643 5481 80% 64%
Void Ratio 0.60 0.75 0.60 0.75
Porosity 38% 43% 38% 43%
Table 4. 4: Summary of tensile strength results for F-55 Ottawa sand
F-55 Tensile Strength(Pa) Saturation (%)
Water Content Dense Loose Dense Loose
2% 3073 2987 8% 7%
4% 2651 3220 18% 14%
6% 3412 3586 27% 21%
8% 3697 3687 35% 28%
10% 3173 3421 44% 35%
12% 3532 3812 53% 42%
15% 4343 5018 66% 53%
18% 4909 4682 80% 64%
Void Ratio 0.60 0.75 0.60 0.75
Porosity 38% 43% 38% 43%
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Table 4. 5: Summary of tensile strength results for F-75 Ottawa sand
F-75 Tensile Strength(Pa) Saturation (%)
Water Content Dense Loose Dense Loose
2% 3246 2689 8% 7%
4% 3483 3117 18% 14%
6% 6483 4640 27% 21%
8% 4106 4192 35% 28%
10% 3016 3361 44% 35%
12% 3554 3554 53% 42%
15% 4700 5807 66% 53%
18% 7168 4487 80% 64%
Void Ratio 0.60 0.75 0.60 0.75
Porosity 38% 43% 38% 43%
Figure 4. 13: Tensile strength as a function of degree of saturation for F-40 sand
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Figure 4. 14: Tensile strength as a function of degree of saturation for F-55 Ottawa
sand
Figure 4. 15: Tensile strength as a function of degree of saturation for F-75 Ottawa
sand
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Figures 4.16 and 4.17 show displacement measured during tensile testing
(horizontal box separation) as a function of tensile load for F-75 Ottawa sand at 2% water
content and in the dense and loose condition, respectively. Figure 4.18 shows
displacement at failure as a function of degree of saturation for all three types of sand
prepared at the dense condition. Figure 4.19 shows similar results for the loose condition.
Tensile displacement results from the entire suite of tension tests are summarized in the
Appendix B.
Figure 4. 16: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=2%)
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Figure 4. 17: Load as a function of displacement in a tensile strength test for loose F-
75 Ottawa sand (e=0.75 and w=2%)
Figure 4. 18: Horizontal displacement at failure as a function of degree of saturation
in the tensile strength test for dense specimens (e=0.60)
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Figure 4. 19:Horizontal displacement at failure as a function of degree of saturation
in the tensile strength test for loose specimens (e=0.75)
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5 Discussion and Analysis
5.1 Tensile Strength Model Predictions
Several models were described in Chapter 2 for predicting the tensile strength of
bulk unsaturated particle systems in the pendular (σtp), funicular (σtf), and capillary (σtc)
water content regimes. Rumpf’s (1961) theory for the pendular regime (eq. 2.18) was
derived for non-contacting spherical particles and requires estimates of bulk porosity (n),
representative particle size (d), surface tension (Ts), contact angle (α), and particle
separation distance (a/d). Tensile strength may be estimated as a function of bulk water
content or degree of saturation using the filling angle (θ) by applying eqs. (2.14) and
(2.17), respectively. Schubert (1984) presented expressions for tensile strength in the
capillary regime (eq. 2.19) and funicular regime (eq. 2.21). The former relates tensile
strength to degree of saturation and matric suction, which may be determined from the
SWCC. The latter normalizes expressions for the pendular regime and capillary regime
by establishing boundary degrees of saturation between the funicular and pendular
regimes (Sf) and between the funicular and capillary regimes (Sc).
All three regimes (pendular, funicular and capillary) can be determined from the
SWCC. Figure 5.1, for example, shows the SWCC determined for F-75 Ottawa sand at
the loose condition. Boundaries between saturation regimes may be estimated by drawing
tangent lines to estimate residual saturation (Sr) and air-entry saturation (Sae) as shown,
which are about 12% and 97%, respectively. Figure 5.2 shows similar estimates from the
SWCC for densely compacted F-75 sand.
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Figure 5. 1: Pendular, Funicular, and Capillary regimes for F-75 Ottawa Sand Loose
Specimens (e-0.75)
Figure 5. 2: Pendular, Funicular, and Capillary regimes for F-75 Ottawa Sand Dense
Specimens (e-0.60)
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For all models presented in this section, Sf (or Sr) and Sc (or Sae) were estimated to
be 15% and 90% for simplicity. Material constants selected for modeling in the pendular
regime were α = 0º, Ts = 72 mN/m, and a/d = 0.025. Porosity was measured directly from
weight-volume relationships for the loose and dense compaction conditions (n = 43% and
37.5%, respectively). Particle size (d) was assumed a constant value equal to mean
particle size (d50) determined from sieve analysis, where d50 = 0.35 mm, 0.28 mm, and
0.22mm for F-40, F-55, and F-75 sand respectively.
Figure 5.3 summarizes theoretical estimates for all three soils at loose and dense
compacted conditions. Within the pendular-dominated regime (S < ~30%), there is a
clear correlation between particle size and tensile strength. Small particle sizes (e.g., F-
75) result in significantly higher tensile strength. In addition, relatively densely
compacted specimens result in higher tensile strength. At degrees of saturation
approaching 50%, the tensile strength predictions begin to become dominated by matric
suction. Specimens with higher matric suction for a given degree of saturation exhibit
higher tensile strength. Specimens with relatively high-air entry pressure exhibit the
largest tensile strength near saturation. In general, this should include either relatively
fine-grained specimens or relatively densely compacted specimens, although this is not
systematically the case for specimens shown on Figure 5.3. These discrepancies indicate
the sensitivity of the model to accuracy in the determination of the SWCC, particularly
near the air-entry pressure.
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Figure 5. 3: Tensile strength modeling results for all soil types and compaction
conditions
Figures 5.4 through 5.9 summarize comparisons between experimental tensile
strength measurements and modeling results for all of the sand specimens. Comparison
shows that the tensile strength models using Rumpf (1961) and Schubert (1984)
underpredicted the measured tensile strength of the soil. The Kim (2001) empirical model
for clean F-75 sand (eq. 2.27), which is included on Figures 5.8 and 5.9, also appears to
underpredict the measured tensile strength but is in good agreement with the Rumpf-
Schubert model. Both models do appear to capture the generally increasing trend in
tensile strength of the range of saturation measured, but underpredict tensile strength by
about 2000 Pa. In addition, none of the predictions characterize the apparent double-peak
behavior observed in the tests.
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Figure 5. 4: Measured and predicted tensile strength for loose F-40 sand
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Figure 5. 5: Measured and predicted tensile strength for dense F-40 sand
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Figure 5. 6: Measured and predicted tensile strength for loose F-55 sand
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Figure 5. 7: Measured and predicted tensile strength for dense F-55 sand
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Figure 5. 8: Measured and predicted tensile strength for loose F-75 sand
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Figure 5. 9: Measured and predicted tensile strength for dense F-75 sand
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Figures 5.10 and 5.11 show measured tensile strength as a function of saturation
for all three gradations of sand compacted to relatively loose and dense conditions,
respectively. A general dependency on grain size may be observed. Smaller grain size
results in higher tensile strength, which is consistent with theory for the pendular,
funicular, and capillary regimes. Within the pendular/funicular regime, a smaller particle
size for a given degree of saturation results in a greater interparticle bonding force, as
described by eq. (2.14) and the first term in eq. (2.21). Within the funicular/capillary
regime, a smaller particle size for a given degree of saturation results in a smaller pore
size and consequently higher matric suction, which increases the contribution of the
water-filled pores under negative pressure to tensile strength (i.e., second term in eq.
(2.21))
There are several possible reasons for the discrepancies observed between the
modeling predictions and experimental results. The Rumpf-Schubert model is highly
dependent on accurate characterization of SWCC over wide range, particularly near the
air-entry pressure. In the absence of interparticle attractive mechanisms other than
capillarity, tensile strength is generally not expected to exceed air-entry pressure.
Difficulties encountered while measuring the SWCCs at low suction pressures, however,
resulted in few data points near air-entry. Considering Figures 3.15 – 3.20, it is feasible
that actual air-entry pressures for the soils could be up to 1000 to 2000 Pa higher than
values estimated for use in the model, which would bring the modeling and experimental
results into closer agreement. A second source of uncertainty for modeling in the
pendular-dominated regime is the selection of particle separation distance (a/d), contact
angle (α), and particle shape (spherical) and size (d). As illustrated previously by Figure
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2.10, a one-order of magnitude decrease in particle size results in a one-order of
magnitude increase in predicted tensile strength. Predictions were based on an assumed
particle size equal to the mean measured particle size (d50), but it is feasible that smaller
particles within the specimen control ultimate tensile strength at failure. A contact angle
equal to zero was assumed in the model but its value is highly uncertain for the actual
specimen and is dependent on wetting direction. Figure 2.12 indicates that, for 0.1 mm
particles, contact angle changing from 0º to 40º results in a difference of about 1000 Pa in
tensile strength prediction. Another source of uncertainty is in the experimental
measurement of tensile strength, most notable with regard to friction in the loading
system. While system friction was calibrated and corrections were made to measured
tensile force at failure, the system friction is appreciable and could result in systematic
overestimation of tensile strength.
Figure 5. 10: Measured tensile strength of all specimens in loose (e = 0.75) condition
0
1000
2000
3000
4000
5000
6000
7000
0 10 20 30 40 50 60 70
Degree of Saturation (%)
Te
ns
ile
 S
tr
en
gt
h 
(P
a)
F-40 Loose
F-55 Loose
F-75 Loose
- 113 -
Figure 5. 11: Measured tensile strength of all specimens in dense (e = 0.60) condition
5.2 Relationship between Tensile Strength and Shear Strength
Results from tensile and shear strength tests are analyzed in this section to
examine a hypothesis that the bulk tensile strength (σt) of granular unsaturated soil may
be treated as an equivalent effective stress (σ’). For example, if soil is tested in direct
tension, it fails when the net bonding force between particles along the failure plane is
exceeded. Thus, if effective stress may be considered to describe the net interparticle
force among soil particles, tensile strength may be treated as an equivalent effective
stress. As illustrated conceptually on Figure 5.12, it follows that the shear strength (τf) of
unsaturated soil could be predicted by treating tensile strength as a component of the total
normal stress (σn) that contributes to frictional shear resistance. If tensile strength is
measured as a function of water content, saturation, or matric suction, results from direct
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σ’ = σn + σt
τf
shear tests for identically prepared specimens may then be interpreted in terms of
effective stress by adding the measured tensile strength to the total normal stress applied
during direct shear tests. An expression for this effective stress may be written as
tn σσσ +='     (5.1)
which, following the Mohr-Coulomb failure criterion, may be used to predict shear
strength as:
 'tan)(''tan'' φσσφστ tnf cc ++=+= (5.2)
where c’ is effective cohesion and φ’ is the effective friction angle.
Figure 5. 12: Effective stress (σ’) conceptualized as the sum of total normal
stress (σn)
and tensile strength (σt).
The validity of this conceptualization for effective stress may be evaluated in the
relatively low normal stress range (100 Pa < σn < 1000 Pa) by considering results from
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direct tension and direct shear tests on Ottawa sand reported by Kim (2001). Validity in
the relatively high normal stress range (35 kPa < σn < 276 kPa) may be evaluated by
considering results from the direct tension and direct shear tests reported here.
Alternative expressions for quantifying effective stress in unsaturated soils may also be
evaluated using both data sets.
Bishop’s (1969) formulation for effective stress in unsaturated soil involves a
modified form of Terzaghi’s classic effective stress (σ’ = σ – uw) written as follows:
( )waa uuu −+−= χσσ ' (5.3)
where the “effective stress parameter” χ is generally accepted to vary between zero and
one as a function of degree of saturation, χ = f(S). The difference between total stress and
pore air pressure (σ – ua) is the “net normal stress” and the difference between the pore
air pressure and the pore water pressure (ua – uw) is matric suction. For χ equal to zero
(corresponding to dry conditions) and for χ equal to unity (corresponding to saturated
conditions), eq. (5.3) reduces to Terzaghi’s effective stress equation for air- or water-
saturated soil. Macroscopic behavior is described using the modified effective stress
within the general framework of saturated soil mechanics. Shear strength, for example,
may be described by incorporating eq. (5.3) into the classical Mohr-Coulomb failure
criterion:
[ ] 'tan)()(' φχστ waaf uuuc −+−+= (5.4)
Numerous theoretical, experimental, and empirical approaches have been
proposed for determining the effective stress parameter χ. In a typical direct shear test,
for example, the net total stress (σ - ua) is known (controlled), shear strength τf is
measured at failure, and c’ and φ’ may be determined by conducting tests for saturated or
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dry specimens. Thus, by measuring or controlling matric suction (ua – uw), the effective
stress parameter χ can be evaluated as a function of matric suction (or corresponding
degree of saturation) by rearranging equation (5.4) as follows:
( )
( ) 'tan
'tan'
φ
φστχ
wa
af
uu
uc
−
−−−= (5.5)
Other applications of Bishop’s effective stress have involved the simple
assumption that χ is equal to the degree of saturation from zero to one (0 < S < 1).
S=χ (5.6)
Khalili and Khabbaz (1998) considered a large series of experimental shear
strength data and proposed a form of χ as a function of “suction ratio” (ua – uw)/ue as
follows:
 
ewa
ewa
e
wa
uuu
uuu
u
uu
≤−=
>−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
−
)(for1
)(for
55.0
χ
χ
(5.7)
where ue is the suction value marking the transition between saturated and unsaturated
states, being the air-expulsion value for a wetting process and the air-entry value for a
drying process. These values may be inferred from the SWCC.
The validity of several forms of χ as a function of the degree of saturation was
also examined by Vanapalli and Fredlund (2000) using a series of shear strength test
results for statically compacted mixtures of clay, silt, and sand from Escario and Juca
(1989) (Lu and Likos, 2004). For matric suction ranging between 0 and 1,500 kPa, the
following two forms showed a good fit to the experimental results:
κ
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where S is the degree of saturation, θ is volumetric water content, θs is the saturated water
content, and κ is a fitting parameter used to obtain a best-fit between measured and
predicted values. Vanapalli and Fredlund (2000) also proposed an expression for χ in
terms of effective saturation or effective volumetric water content as follows:
rs
r
r
r
S
SS
θθ
θθχ −
−=−
−=
1
(5.9)
where θr is the residual volumetric water content and Sr is the residual degree of
saturation and θs is the saturated volumetric water content (θs = n).
5.2.1 Analysis at low normal stresses
Table 2.4 summarized direct shear results reported by Kim (2001) for F-75-C
Ottawa sand (clean sand) at different water contents for loosely compacted specimens (Dr
~ 30%, e ~ 0.71). Figure 5.13 shows corresponding failure envelopes in terms of applied
total normal stress versus measured shear stress at failure. A similar plot is shown on
Figures 5.14 for F-75-F Ottawa sand (2% fines content). This data was summarized on
Table 2.5.
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Figure 5. 13: Failure envelopes for F-75-C Ottawa sand measured from direct shear
tests (e ~ 0.71)
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Figure 5. 14: Failure envelopes for F-75-F Ottawa sand measured from direct shear
tests (e ~ 0.71)
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While the failure envelopes may actually be non-linear at these values of low
normal stress, the failure envelopes shown in the above figures were assumed linear as
determined by least-squares linear regression. In general, it may be observed that the
failure envelopes shift upward with increasing water content, which reflects an increase
in apparent cohesion as water is added to the soil. If physicochemical and other effects
such as particle interlocking are considered negligible, the source of the apparent
cohesion is primarily attributable to capillary mechanisms. As indicated by the analyses
in Chapter 2, the magnitude of capillary-induced interparticle force generally increases
with increasing water content in the pendular regime, which is reflected in the failure
envelopes as a macroscopic increase in shear strength. Friction angle is relatively
constant as a function of water content, but the increase in effective stress due to capillary
interparticle forces increases the frictional resistance of the soil.
To test the validity of the proposed expression for equivalent effective stress (eq.
5.1), tensile strength values determined from Kim’s (2001) direct tension tests for
similarly prepared specimens (Tables 2.2 and 2.3) were added to the values of total
normal stress used in the direct shear tests. Corresponding effective stress failure
envelopes were then plotted in terms of effective stress, as shown on Figure 5.15 for F-
75-C sand. Figure 5.16 shows effective stress envelopes for the F-75-F sand. This
procedure could be done only for specimens that were tested in both shear and tension at
similar values of water content, which included w ~ 0.5% and w ~ 1.0%. For w = 0%, it
was assumed that tensile strength was equal to zero.
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It may be observed from Figs. 5.15 and 5.16 that the total stress failure envelopes
converge to a relatively unique effective stress failure envelope (i.e., total stress values
shift to the right). Regression of the envelope for F-75-C sand (Figure 5.15) indicates an
effective friction angle φ’ = 36.3º and c’ = 92 Pa, which are realistic values for Ottawa
sand in this range of normal stress. Regression of the envelope for the F-75-F sand
(Figure 5.16) indicates φ’ = 35.2º and c’ = 123 Pa. The decrease in friction angle and
slight increase in cohesion may reflect the effect of the 2% fines. The fact that the
effective stress failure envelopes are unique supports the validity of the equivalent
effective stress concept defined as the sum of total normal stress and tensile strength.
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Figure 5. 15: Failure envelope for direct shear tests on F-75-C sand in terms of
effective stress defined as normal stress plus tensile stress
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y = 0.7044x + 123.47
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Figure 5. 16: Failure envelope for direct shear tests on F-75-F (2% fines) sand in
terms of effective stress defined as normal stress plus tensile stress
Similar analyses were conducted to examine several alternative expressions for
effective stress. Figure 5.17 and 5.18, for example, show effective stress failure
envelopes obtained using Bishop’s expression for effective stress (eq. 5.3). The effective
stress parameter χ for these calculations was set equal to the degree of saturation (i.e., eq.
5.6). Figures 5.19 and 5.20 show effective stress failure envelopes based on Bishop’s
formulation where the χ parameter was back-calculated from direct shear using eq. (5.5).
For the majority of cases, these procedures appear to result in reasonable
representations for effective stress (i.e., the total stress envelopes converge). Note,
however, that the χ = S approach for F-75-C sand (Figure 5.17) results in some deviation
in the effective stress envelope at low water contents (w < 1%). Here, the effect of adding
even a small amount of water is significant in terms of shear strength; however the
Angle of Fiction=35 degrees
Cohesion=123 Pa
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associated change in saturation is very small. The relatively high friction angle at low
effective stress may also reflect curvature in the actual failure envelope.
Figure 5. 17: Failure envelope for direct shear tests on F-75-C sand in terms of
effective stress defined using Bishop’s effective stress and χ = S)
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Figure 5. 18: Failure envelope for direct shear tests on F-75-F sand in terms of
effective stress defined using Bishop’s effective stress and χ = S).
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Figure 5. 19: Failure envelope for direct shear tests on F-75-C sand in terms of
effective stress defined using Bishop’s effective stress and χ back-calculated from
direct shear results)
Failure Envelope F-75C Dense (χ determined from DS)
0
200
400
600
800
1000
1200
1400
0 500 1000 1500 2000 2500 3000
σ⎯=σ+χ(Ua-Uw) N (Pa)
Sh
ea
r S
tr
es
s 
(P
a)
W=0%
W=0.5%
W=1%
Figure 5. 20: Failure envelope for direct shear tests on F-75-F sand in terms of
effective stress defined using Bishop’s effective stress and χ back-calculated from
direct shear results)
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The effective stress parameter χ was also estimated using the Khalili and Khabbaz
(1998) empirical expression (eq. 5.7), which requires knowledge of the SWCC to
determine (ua – uw) = f(S) and the air-entry value ue. The SWCC for Kim’s (2001) F-75-C
sand is shown as Figure 5.21, which exhibits an air-entry value (ue) of approximately
2000 Pa (h = 0.2 m). The drying loop of the SWCC was interpreted to determineχ at the
different levels of saturation corresponding to direct shear test conditions. Water content
values reported for direct shear tests were converted to degrees of saturation using e =
0.71 and Gs = 2.65. However, results could only be interpreted for relatively high water
content values (w = 10%, 15%, and 17% or S = 0.37, 0.56, and 0.63) where the SWCC is
well defined.
Figure 5.22 shows the direct shear results in terms of corresponding effective
stress. The data converges to a relatively unique failure envelope with an effective
friction angle of 33.7º. However, the intercept with the shear stress axis is a significantly
negative value. Use of this procedure is highly dependent on the accuracy of the SWCC,
which may explain these results. In addition, the analysis is for low normal stresses,
where a large suction stress χ(ua – uw) is added to a relatively small total normal stress
such that uncertainty in either χ or (ua – uw) results in significant uncertainty in their
product.
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Figure 5. 21: Soil-water characteristic curve during wetting and drying for F-75C
Ottawa sand [reproduced from Kim (2001); original data from Hwang (2001)]
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Figure 5. 22: Failure envelope for direct shear tests on F-75-C sand in terms of
effective stress defined using Bishop’s effective stress and χ from Khalili and
Khabbaz (1998)
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5.2.2 Analysis at high normal stresses
Table 4.1 and 4.2 summarized results from direct shear tests conducted for F-75,
and F-55 Ottawa sand at various water contents and compacted to relatively loose (e ~
0.75) and relatively dense (e~ 0.60) conditions. Figures 5.23 and 5.24 show total stress
failure envelopes for the F-75 sand at loose and dense conditions, respectively. Unlike the
previous results for low normal stress, the envelopes do not shift up appreciably from the
influence of capillary cohesion. Results from the theoretical consideration (Section 5.1)
and experimental consideration at low normal stress (Section 5.2) suggest that the
magnitude of induced capillary stress is on the order of less than about 5000 Pa
depending on grain size and degree of saturation. Thus, the relatively high total normal
stress (35 kPa < σn < 276 kPa) dominates the effective stress and the effects of capillarity
are masked.
Figure 5. 23: Total stress failure envelopes for loose F-75 Ottawa sand (e= 0.75)
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Figure 5. 24: Total stress failure envelopes for dense F-75 Ottawa sand (e= 0.60)
Figures 5.25 through 5.32 show effective stress envelopes for the F-75 sand
calculating according to the several methods described above. Figure 5.25 and 5.26 show
envelopes based on effective stress defined as normal stress plus tensile strength (eq. 5.1).
Here, tensile strength was considered from the direct tension results for F-75 specimens
prepared to the same water content and void ratio as the direct shear tests. Figure 5.27
and 5.28 show envelopes based on effective stress defined using Bishop’s formulation
and χ = S. Figure 5.29 and 5.30 show envelopes based on effective stress defined using
Bishop’s formulation and χ back-calculated directly from the shear results. Finally,
Figures 5.31 and 5.32 show failure envelopes based on effective stress defined using
Bishop’s formulation and χ calculated using the Khalili and Khabbaz (1998) empirical
expression.
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Figure 5. 25: Failure envelope for direct shear tests on loose F-75 sand (e = 0.75) in
terms of effective stress defined using normal stress plus tensile strength.
Figure 5. 26: Failure envelope for direct shear tests on dense F-75 sand (e = 0.60) in
terms of effective stress defined using normal stress plus tensile strength.
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Figure 5. 27: Failure envelope for direct shear tests on loose F-75 sand (e = 0.75) in
terms of effective stress defined using Bishop’s effective stress and χ = S.
Figure 5. 28: Failure envelope for direct shear tests on dense F-75 sand (e = 0.60) in
terms of effective stress defined using Bishop’s effective stress and χ = S.
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Figure 5. 29: Failure envelope for direct shear tests on loose F-75 sand (e = 0.75) in
terms of effective stress defined using Bishop’s effective stress and χ from direct shear
tests.
Figure 5. 30: Failure envelope for direct shear tests on dense F-75 sand (e = 0.60) in
terms of effective stress defined using Bishop’s effective stress and χ from direct shear
tests.
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Figure 5. 31: Failure envelope for direct shear tests on loose F-75 sand (e = 0.75) in
terms of effective stress defined using Bishop’s effective stress and Khalili and
Khabbaz (1998)
Figure 5. 32: Failure envelope for direct shear tests on dense F-75 sand (e = 0.60) in
terms of effective stress defined using Bishop’s effective stress and Khalili and
Khabbaz (1998)
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Figures 5.33 and 5.34 show effective stress parameter functions [χ = f(S) and χ =
f(ua – uw)] that were back-calculated from the direct shear results and used to calculate
the effective stress envelopes shown as Figures 5.27 and 5.28. Both functions are highly
non-linear and extend well beyond the range of 0 < χ < 1. This behavior reflects the fact
that shear strength resulting from frictional resistance associated with total normal stress
is much greater than that resulting from frictional resistance associated with matric
suction. Considering eq. (5.5), these are quantified by the terms (σ – ua)tanφ’ and
(ua – uw)tanφ’, respectively. The large difference in these two terms makes the calculation
of χ based on back-calculation from eq. (5.5) very sensitive.
Figure 5. 33: Effective stress parameter function χ = f(S) for F-75 sand.
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Figure 5. 34: Effective stress parameter function χ = f(ua – uw) for F-75 sand.
5.3 Analysis of Double-Peak Behavior
Figure 2.13 indicates that the contribution of tensile strength associated with the
pendular regime and the capillary regime reach peak values near the residual water
content and air-entry pressure, respectively. If tensile strength can be treated as an
indirect measurement of effective stress, then this double-peak behavior may be reflected
in the macroscopic strength and deformation behavior of unsaturated sand. Figure 5.35
shows conceptual relationships between saturation and matric suction (i.e., the SWCC)
(5.35a), tensile strength (5.35b), and apparent cohesion (5.35c). Boundaries between the
pendular, funicular, and capillary saturation regimes are included at the residual
saturation Sr and air-entry saturation Sae. The tensile strength and shear strength curves
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are considered to reach peak values at these points to reflect the relatively high values of
effective stress.
Suction
Saturation
Sr Sae
Funicular Capillary
Pendular
Saturation
Saturation
Tensile
Strength
Apparent
Cohesion
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(b)
(c)
Figure 5. 35: Conceptual relationships between saturation and (a) suction, (b) tensile
strength, and (c) apparent cohesion.
Figures 5.36 through 5.38 plot these relationships for several of the sands tested
here. As indicated by the SWCC for F-75 sand (Fig. 5.36), residual saturation and air-
entry pressure occur at about 12% and 97% saturation, respectively. These ranges were
similar for all three sand gradations and compaction conditions. The tensile strength
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results (Fig. 5.37) appear to display double-peak behavior, with a first peak occurring at
saturation ranging from about 15% to 35%. A second peak occurs at about 50% to 65%
saturation for the loose specimens. Although not well-defined, a second peak for the
dense specimens appears to be approached at saturation from about 80% to 90%.
Apparent cohesion (Fig. 5.38) based on the direct shear results appears to exhibit a first
peak near 20% saturation for F-75 sand at both compaction conditions. A second peak
occurs near 50% and 70% saturation for the loose and dense specimens, respectively.
These ranges and the differences in loose and dense peak locations are consistent with
those observed for the tensile strength behavior. The double-peak peak behavior in both
tensile strength and apparent cohesion is also more pronounced in specimens prepared
loose than those prepared dense.
The first peak in the tensile strength and apparent cohesion may be interpreted to
result from a maximum increase in effective stress and corresponding shear strength that
is derived from the interparticle forces developed in the pendular regime, i.e. liquid
bridges. The second peak at higher saturation represents an increase in shear strength and
corresponding effective stress due to the maximum interparticle forces developed in the
capillary regime. The shape of the curves between these peaks (funicular regime) reflects
the increase in shear resistance produced by a combination of pendular and capillary
regime effects. Poorly-graded sand would be expected to exhibit a more pronounced
valley between the two peaks because the pendular and capillary regimes are distinct.
Well-graded sand would not be expected to exhibit clear double-peak behavior because
pendular and capillary interparticle forces are both important over a wide range of
saturation.
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Figure 5. 36: Soil-water characteristic curve for F-75 sand
Figure 5. 37: Relationship between tensile strength and saturation measured for all
sands and compaction conditions.
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Figure 5. 38: Apparent cohesion as a function of saturation for F-75 sand
Double-peak behavior in compaction (Proctor) curves obtained over a wide range
of saturation has also been noted by a number of researchers (e.g., Olson, 1963; Lee and
Suedkamp, 1972; Hausmann, 1990). Lee and Suedkamp (1972) showed that double-peak
behavior typically occurs for either highly plastic or completely non-plastic soils. Olson
(1963) interpreted double-peak compaction behavior in the context of effective stress and
frictional resistance.
Considering Figure 5.39, for example, Olson (1963) proposed that peak values on
a double-peak compaction curve (B and D) indicate saturation conditions corresponding
to relatively low effective stress. Because the compaction curve is a measure of the soil
density for a given amount of compactive energy, larger densities may be interpreted to
indicate lower frictional strength (and therefore lower effective stress) because a higher
density is required to resist the load (i.e., denser packing and more interparticle contact is
required to develop strength). When the curve is increasing, shear strength is decreasing.
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The points B, C, and D represent equilibrium points among factors which decrease
strength and factors which increase strength.
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Figure 5. 39: Conceptual double-peak behavior in Proctor compaction curve
Figure 5.40 shows the detailed compaction curve for F-40 Ottawa sand obtained
using standard Proctor energy. Dry density is plotted as a function of degree of saturation,
which was determined for each water content from the compacted void ratio. Peaks are
apparent at about 20% saturation and 70% saturation. The locations of these peaks are in
fairly good agreement with those noted in the tensile strength and apparent cohesion,
which were interpreted to be conditions of high effective stress. According to Olson’s
effective stress interpretation, however, the peaks in the compaction curve would be
expected to occur at saturation conditions where effective stress reaches a minimum.
These results suggest that the increase in effective stress resulting from capillary forces
acts to increase density rather than provide shear strength to resist densification.
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Figure 5. 40: Double-peak behavior in compaction curve for F-40 sand.
5.4 Analysis of Failure Surfaces
Figure 5.41 shows a photograph of the post-test failure surface for dense (e~0.60)
F-75 sand from direct tension testing at S =8%. Figure 5.42 shows a similar photo for the
same soil at S=80% These degrees of saturation were interpreted previously to be near
the pendular regime boundary and capillary regime boundary, respectively. The soil near
the pendular regime boundary exhibits a smooth tensile failure surface, while the soil
near the capillary regime boundary exhibits a rough failure surface. Comparison of
densely and loosely compacted specimens showed similar patterns but they occurred at
different degrees of saturation because the saturation boundaries depend on the density
and grain size of the soil.
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Figure 5. 41: Pattern of failure surface in a tensile strength test for dense F-75 sand
(e = 0.60; S = 8%). Pendular regime boundary
Figure 5. 42: Pattern of failure surface in a tensile strength test for dense F-75 sand
(e = 0.60; S = 80%). Capillary regime boundary
Lu et al. (2005) observed similar behavior from tensile strength tests on
cohesionless sand and interpreted the patterns to reflect the anisotropic nature of
capillary-induced stress. Within the pendular saturation regime, sand particles are bonded
together by surface tension and the lowered pore water pressure within isolated water
bridges between the particles. Tensile failure occurs when the applied uniaxial normal
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stress perpendicular to the failure plane exceeds the bonding force along the failure plane.
Because the water phase is in the form of isolated water bridges and because tensile stress
is not applied in directions parallel to the failure plane, however, the strength of the soil
in these directions is not exceeded. Thus, failure occurs only on the plane to which the
external tensile stress is applied and the failure plane is smooth. Within the funicular
regime, water bridges and pores filled with water are present concurrently, which means
both capillary forces due to the water bridges and capillary forces due to regions filled
with water contribute to the total bonding force. Because the water phase is not isolated
in the form of liquid bridges, the applied uniaxial tensile stress induces a change in stress
in three dimensions and failure may occur on a more complex three-dimensional surface.
Thus, the observed failure plane is rough.
Figures 5.43 and 5.44 show photographs of failure surfaces for F-40 sand after
direct shear testing at degrees of saturation near the pendular regime boundary and
capillary regime boundary, respectively. In contrast with the tensile strength results, the
surface in the pendular regime is characterized by a rough surface, while that for the
capillary regime is characterized by a smooth surface. Failure occurs when the shear
strength on the horizontal failure plane is exceeded; however, the three-dimensional state
of stress at failure is more complex than in the case of uniaxial tension. The smoother
surface for the case of higher saturation probably reflects the more uniform distribution
of pore water on the failure surface and a more uniform state of stress.
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Figure 5. 43: Pattern of failure surface in a direct shear test for F-40 sand (e = 0.60; S
= 35%)
Figure 5. 44: Pattern of failure surface in a direct shear test for F-40 sand (e = 0.60; S
= 80%).
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5.5 Analysis of Stress-Deformation Behavior
5.5.1 Shear stress - horizontal displacement behavior
Figure 5.45 shows the relationship between horizontal displacement and shear
stress from direct shear tests for densely (e ~ 0.60) compacted F-75 specimens at water
contents of 6% and 18% (S = 28.4% and S = 82.2%) and the lowest level of applied total
normal stress (5 psi or 34.5 kPa). Direct shear specimens compacted to a relatively dense
state are generally expected to exhibit a peak in shear stress and then experience a
residual strength at large deformations (e.g., Terzaghi & Peck, 1960).
While both specimens on Figure 5.45 are at approximately the same density, the
relatively dry specimen exhibits peak behavior more characteristic of a densely
compacted sand specimen. The relatively wet specimen exhibits non-peak behavior more
characteristic of a loosely compacted sand specimen. This behavior may be related to the
apparent double-peak behavior observed from the results of tensile strength tests. For F-
75 sand in either loose or dense conditions, these two peaks occurred at water contents
around 6% and 18%. For specimens with water contents close to the first peak (near the
pendular regime), the soil exhibits behavior more characteristic of dense sand behavior.
As the water content approaches the second peak (near the capillary regime) the soil
starts to exhibit behavior more characteristic of loose sand. The more brittle response of
the sand near the pendular regime probably reflects relatively uniform failure of the
interparticle water bridges at small levels of strain. The peak in shear stress occurs at
horizontal displacement of about 0.05 in (1.27 mm).
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Figure 5. 45: Shear stress vs. horizontal displacement for dense F-75 Ottawa sand (σn
= 5 psi)
Figures 5.46 and 5.47 show shear stress as a function of horizontal displacement
for the same soil at higher values of applied normal stress (15 psi and 40 psi or 103 kPa
and 276 kPa). Here, the specimen with water content near the pendular regime does not
show a peak in shear stress. This behavior is expected for loose specimens but not for
dense specimens. It is possible that in addition to the mechanisms already described, the
deformation behavior of the sand might be affected by an increase in the effective normal
stress that can produce a dense specimen to behave as a loose one.
Shear Stress vs. Horizontal Displacement for F-75 Ottawa Sand (Normal Stress=5 psi)
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Figure 5. 46: Shear stress vs. horizontal displacement for dense F-75 Ottawa sand (σn
= 15 psi)
Figure 5. 47: Shear stress vs. horizontal displacement for dense F-75 Ottawa sand (σn
= 40 psi)
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Figure 5.48: Shear Stress vs. Horizontal Displacement for F-75 Ottawa
Sand (Normal Stress=15 psi)
Shear Stress vs. Horizontal Displacement for F-75 Ottawa Sand (Normal Stress=40 psi)
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5.5.2 Volumetric strain behavior
A dense sand specimen tested in direct shear will typically compress at relatively
small horizontal displacements and then expand at higher displacements. Figure 5.48
shows the relationship between volumetric strain and horizontal displacement for densely
compacted F-75 sand at 6% and 18% water content and applied normal stress of 5 psi
(34.5 kPa). Both specimens first contract and then dilate as the horizontal displacement
increases. However, the specimen with water content near the pendular regime (w = 6%)
shows initially a decrease in volume and then an increase that exceeds the decrease, thus
resulting in a higher void ratio at the end of the test than at the beginning. The initial
compression of the specimen at higher water content (w = 18%) is both larger in
magnitude than that for the dryer specimen and is not fully recovered. The final void ratio
is smaller that the initial.
Figure 5. 48: Volumetric strain vs. horizontal displacement for dense F-75 Ottawa
sand (σn = 5 psi)
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Figures 5.49 and 5.50 show results for higher values of normal stress. The
specimen at 6% water content behaves in a similar manner as before, but the initial
compression is smaller than at the smaller value of normal stress. The specimen at 18%
water content behaves in a manner characteristic of a loose specimen, even though the
density and normal stresses have not changed. Both specimens experience compression
over the entire measured range of horizontal displacement. The soil deformation behavior
observed can be affected by the saturation regime mechanisms involved as well as the
increase in effective normal stress due to those mechanisms. These observations are may
be interpreted in terms of critical state behavior.
Figure 5. 49: Volumetric strain vs. horizontal displacement for dense F-75 Ottawa
sand (σn = 15 psi)
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Figure 5. 50: Volumetric strain vs. horizontal displacement for dense F-75 Ottawa
sand (σn = 40 psi)
5.5.3 Critical State Line
Wood (1990) defines the critical state line as the ultimate condition in which
shearing could continue indefinitely without changes in volume or effective stress.
Atkinson & Bransby (1978) said the critical state line is a single and unique line of failure
points for both drained and undrained tests. They added that its crucial property is that
failure will occur once the stress states of the specimens reach the line, independently of
the path followed on their way to the critical state line. This means that for a given
confining stress, the critical void ratio is the void ratio at which the specimen will end up
at large strains. This critical void ratio is independent of initial void ratio and confining
stress.
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Wood (1990) mentioned that for dense sand the shear stress reaches a maximum
value and if the deformation continues, the shear stress will drop to a smaller value.
When this value is reached it will remain constant for all further displacement. During
this drop in shear stress the sand continues to expand until the critical void ratio is
achieved. At this point continuous deformation is possible at constant shear stress. When
loose sand is sheared under constant normal stress the shear stress will increase until it
reaches the maximum value. However, if the displacement continues the shear stress will
remain the same. Thus, if the same material is tested at loose and dense conditions the
curves representing the volume change during shearing meet at the critical state line.
Vertical deformations were recorded during the direct shear tests. Since the initial
void ratio is known, it is possible to determine the final void ratio, and thereby determine
if the specimen experiences a net decrease or an increase in volume. Figures 5.51 and
5.52 show the critical state line for F-55 and F-75 sand determined by examining the
behavior of each of the specimens during shearing. These lines were determined by
analyzing if the specimen dilated or contracted during shearing. If the initial void ratio is
smaller than the critical void ratio the specimen will tend to dilate. If the initial void ratio
is greater than the critical void ratio the specimen will tend to contract. It was observed
that some specimens that were prepared to a void ratio of 0.60 (dense) behaved as loose
specimens (contraction). This can be explained if it is considered that the critical void
ratio is not a constant but a function of the effective normal stress. Since the effective
stress varies with suction stress, and this varies with degree of saturation, it can be
expected that as the effective normal stress is increased it might be enough to relocate the
normal stress on the loose (contraction) side of the critical state line. It is more likely for
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a specimen with a high normal stress to be on the contraction side of the critical stress
line, and if an increase due to the suction stress is present, this is even more likely. It is
also likely that the specimens prepared to higher water content will show higher effective
normal stresses, since the suction stress is greater, thus increasing the likelihood of
having a specimen on the contraction side of the critical state line. However, it is
important to mention that the effective stress increase due to the suction stress at this
range of normal stresses was determined to be minimal. This can lead to the thinking that
for unsaturated sands not only the normal stress but the mechanisms involved in the
unsaturated regimes acting in the specimen affect the deformation behavior of the soil.
Figure 5. 51: Critical state line for F-55 Ottawa sand.
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Figure 5. 52: Critical state line for F-75 Ottawa sand
5.5.4 Tensile Deformations
Figure 5.53 shows results obtained from tensile strength tests for loose and dense
F-75 sand in terms of tensile displacement (separation of box) measured at failure as a
function of degree of saturation. Peak tensile displacement over the entire range of
saturation is similar for the loose and dense cases and it ranges from about 0.006 inches
to 0.014 inches (0.15 mm to 0.36 mm). Peak displacement for the loose specimen appears
to decrease at higher saturation. The measured range of displacement at failure is on the
same order of magnitude as the mean grain size for the F-75 sand (d50 = 0.22 mm). For an
ideally smooth failure plane in the pendular regime, this suggests that the liquid bridges
bonding the particles on either side of the failure plane break when the ratio of particle
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separation to particle diameter (a/d) is about 0.68 to 1.63. It is more likely that the liquid
bridges fail non-uniformly at much smaller separation distances on a failure plane having
roughness on the scale of individual particles.
Figure 5. 53: Horizontal displacement at failure in the tensile strength test for F-75
Ottawa Sand
Figures 5.54 and 5.55 show peak tensile displacement for all three sand gradations
at dense and loose compaction, respectively. Two observations can be made: (1) the peak
tensile displacement generally increases as particle size decreases; and (2) peak tensile
displacement tends to be more uniform (constant) with changing saturation for larger
particle sizes. The first observation is consistent with Rumpf’s (1961) tensile strength
theory for the pendular regime (Chapter 2), which indicates that for a given degree of
saturation, relatively small particles have greater tensile strength at higher separation
distances (a/d). The second observation was also evident in the tensile strength
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measurements, which also show a more constant value as a function of saturation for the
larger grain sizes.
Figure 5. 54: Horizontal displacement at failure in the tensile strength test (e = 0.60)
Horizontal Displacement at failure as a function of Degree of Saturation (Dense)
0.000
0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
Degree of Saturation (%)
Fi
na
l D
is
pl
ac
em
en
t (
in
)
0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20%
Water Content (%)
F-75
F-40
F-55
- 154 -
Figure 5. 55: Horizontal displacement at failure in the tensile strength test (e=0.75)
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6 Conclusions and Recommendations
6.1 Conclusions
Direct tension and direct shear tests were conducted to better understand the role
of capillary-induced interparticle forces and their manifestation to the strength and
deformation behavior of sand. Three gradations of Ottawa sand were compacted to
relatively dense (e ~ 0.60) and relatively loose (e ~ 0.75) conditions and tested for tensile
strength and shear strength at degrees of saturation ranging from about 10% to 80%. The
major conclusions obtained from this research are:
1. Theoretical models based on interparticle forces in the pendular, funicular, and
capillary saturation regimes tended to underpredict measured tensile strength from
direct tension tests. Discrepancies may be attributable to the requirement for
accurate characterization of the soil-water characteristic curve over a wide
saturation range, modeling assumptions about particle size, shape, gradation,
contact angle, and particle separation at failure, and experimental limitations
resulting from system friction.
2. Analysis of results from direct tension and direct shear tests conducted at
relatively low total normal stress (0.01 psi or 100 Pa < σn < 0.15 psi or 1000 Pa)
(Kim, 2001) indicates that tensile strength may be treated as an equivalent
effective stress. If total normal stress applied during direct shear tests is added to
tensile stress measured at failure during direct tension tests, the total stress
envelopes collapse to a unique effective stress envelope. Shear strength may be
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reasonably predicted using the sum of tensile strength and total normal stress as
an equivalent effective stress (σ’ = σt + σn).
3. Analysis of direct shear tests at low normal stress also indicates that Bishop’s
(1959) effective stress formulation is a reasonable representation for effective
stress by setting χ = S and by back-calculating χ from shear tests. Failure
envelopes calculated using the Khalili and Khabbaz (1998) suction ratio method
showed limitations in that the total stress failure envelopes did not collapse to a
unique failure envelope.
4. Results from theoretical considerations suggest that the magnitude of capillary-
induced stress for Ottawa sand is on the order of less than about 0.73 psi (5 KPa)
depending on grain size and degree of saturation. Direct tension and direct shear
results conducted for high total normal stress (5.1 psi or 35 kPa < σn < 40 psi or
276 kPa) do not indicate an appreciable impact of capillary forces on direct shear
failure envelopes. The high normal stress dominates the effective stress and the
effects of capillarity are masked. This suggests that the influence of capillary
forces in sand at values of total stress characteristic of many field conditions is
negligible.
5. For high normal stresses the effective stress parameter χ back-calculated from the
direct shear results was not constrained between zero and one.
6. Tensile strength and apparent cohesion measured from direct tension and direct
shear tests, respectively, exhibited double-peak behavior as a function of
saturation. A first peak at degree of saturation between about 15% and 30% was
interpreted to indicate the peak influence of capillary forces associated with the
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pendular regime. A second peak at degree of saturation between about 50% and
90% was interpreted to indicate the peak influence of capillary forces associated
with the capillary regime. The peak dominated by capillary mechanisms showed
higher tensile strength than the other one. However, the capillary cohesion values
for that same point are lower or similar to the peak near the pendular regime
boundary. It is important to mention that due to long specimen preparation times
tests were not repeated in order to reach some statistical significance. However,
there is some confidence that the double-peak behavior is real because it seems to
follow that trend at most series of tests.
7. The double-peak peak behavior in tensile strength is more pronounced in
specimens prepared loose than those prepared dense. The smaller the grain size,
the larger the tensile strength peak value at the same density. Dense specimens
showed larger tensile strength magnitudes than the loose specimens. These
observations are consistent with the theoretical considerations.
8. Peaks in the Proctor compaction curve for F-40 sand were apparent at about 20%
saturation and 70% degree of saturation. The locations of these peaks are in some
agreement with those noted in the tensile strength and apparent cohesion. These
results suggest that the increase in effective stress resulting from capillary forces
acts to increase density by pulling the soil particles closer to each other rather than
provide shear strength to resist densification.
9. Sands at saturations near the pendular regime boundary exhibit a smooth tensile
failure surface. Sands near the capillary regime boundary exhibit a rough failure
surface. Within the pendular saturation regime, sand particles are bonded together
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by surface tension and the lowered pore water pressure within isolated water
bridges between the particles. Because the water phase is in the form of isolated
water bridges and the tensile stress is not applied in directions parallel to the
failure plane, but the strength of the soil in these directions is not exceeded, the
failure plane is smooth. Within the funicular regime, water bridges and pores
filled with water are present concurrently. Because the water phase is not isolated
in the form of liquid bridges, the applied uniaxial tensile stress induces a change
in stress in three dimensions and failure may occur on a more complex three-
dimensional surface. Thus, the observed failure plane is rough. It was observed
from the direct shear tests that the rougher failure surface in this test represents
the tensile strength peak dominated by the pendular regime mechanisms. The
smoother failure surface in this test represents the tensile strength peak dominated
by the capillary regime mechanisms.
10. Relatively dense specimens with water contents close to the pendular regime
exhibited peak shear stress followed by residual shear stress, which is consistent
with the more general behavior of dense sands. However, as the water content
starts approaching the capillary regime the soil starts behaving as a loose
specimen. The deformation behavior might be affected by an increase in the
effective stress that can produce a dense specimen to behave as a loose one.
11. For the same density and normal stress, specimens sheared with water content
near the pendular regime showed initially a decrease in volume and then an
increase that exceeded the decrease, thus resulting in a higher void ratio at the end
of the test. Specimens dominated by capillary regime mechanisms also showed
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first a decrease in volume and then an increase. The increase in volume was
smaller than the decrease, thus resulting in a final void ratio smaller that the
initial.
12. Horizontal displacement (failure plane separation) at failure in tension exhibited
double-peak behavior as a function of degree of saturation. For the dense
specimens, the two peaks occurred at higher degrees of saturation than the loose
ones. The second peak (higher degree of saturation) showed higher horizontal
deformation at failure. The two-peak behavior tends to flatten out as the grain size
increases. This behavior is consistent with that observed for tensile strength.
6.2 Recommendations
1. It is recommended to use a suction controlled tensile strength test device to assure
the matric suction remains constant during the test.
2. Reduce the friction of the system for the tensile strength box used for this
research.
3. Perform direct shear tests at low normal stresses where the horizontal and vertical
displacements are measured in order to investigate soil behavior at this range of
stress.
4. Investigate at what ratios of normal stress to suction stress the increase in
effective stress should be accounted for in practical geotechnical engineering
problems and discuss how dependable these increases can be in practice.
5. Use the tensile strength test device to evaluate fiber reinforced soil and its
behavior and shear strength. Compare to see if the conclusions of this research are
applicable to reinforced soils.
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6. Perform tensile strength tests on cohesive soils to evaluate the effect of suction
stress in the effective stress when forces other than capillary are involved.
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Appendix A:
Direct Shear Failure
Envelopes
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Figure A. 1: Failure envelope for dense W=4% F-75 Ottawa sand (e= 0.60)
Figure A. 2: Failure envelope for loose W=4% F-75 Ottawa sand (e= 0.75)
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Figure A. 3: Failure envelope for dense W=6% F-75 Ottawa sand (e= 0.60)
Figure A. 4: Failure envelope for loose W=6% F-75 Ottawa sand (e= 0.75)
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Figure A. 5: Failure envelope for dense W=8% F-75 Ottawa sand (e= 0.60)
Figure A. 6 :Failure envelope for loose W=8% F-75 Ottawa sand (e= 0.75)
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Figure A. 7: Failure envelope for dense W=10% F-75 Ottawa sand (e= 0.60)
Figure A. 8: Failure envelope for loose W=10% F-75 Ottawa sand (e= 0.75)
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Figure A. 9: Failure envelope for dense W=12% F-75 Ottawa sand (e= 0.60)
Figure A. 10: Failure envelope for loose W=12% F-75 Ottawa sand (e= 0.75)
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Figure A. 11: Failure envelope for dense W=15% F-75 Ottawa sand (e= 0.60)
Figure A. 12: Failure envelope for loose W=15% F-75 Ottawa sand (e= 0.75)
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Figure A. 13: Failure envelope for dense W=18% F-75 Ottawa sand (e= 60)
Figure A. 14: Failure envelope for loose W=18% F-75 Ottawa sand (e= 0.75)
F-75 Ottawa Sand (Dense) (W%=18.0%)
0.00
5.00
10.00
15.00
20.00
25.00
30.00
35.00
40.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00
Normal Stress (psi)
Sh
ea
r S
tr
es
s 
(p
si
)
C`=1.25 psi
Angle of friction= 29.7 degrees
F-75 Ottawa Sand (Loose) W=18%
0.00
5.00
10.00
15.00
20.00
25.00
30.00
35.00
40.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00
Normal Stress (psi)
Sh
ea
r S
tr
es
s 
(p
si
)
C`=0.75 psi
Angle of friction= 30.6 degrees
- 175 -
Figure A. 15: Failure envelope for loose W=2% F-55 Ottawa sand (e= 0.75)
Figure A. 16: Failure envelope for loose W=4% F-55 Ottawa sand (e= 0.75)
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Figure A. 17: Failure envelope for loose W=6% F-55 Ottawa sand (e= 0.75)
Figure A. 18: Failure envelope for loose W=8% F-55 Ottawa sand (e= 0.75)
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Figure A. 19: Failure envelope for dense W=10% F-55 Ottawa sand (e= 0.60)
Figure A. 20: Failure envelope for loose W=10% F-55 Ottawa sand (e= 0.75)
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Figure A. 21: Failure envelope for dense W=12% F-55 Ottawa sand (e= 0.60)
Figure A. 22: Failure envelope for loose W=12% F-55 Ottawa sand (e= 0.75)
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Figure A. 23: Failure envelope for loose W=15% F-55 Ottawa sand (e= 0.75)
Figure A. 24: Failure envelope for loose W=18% F-55 Ottawa sand (e= 0.75)
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Figure A. 25: Failure envelope for dense W=6% F-40 Ottawa sand (e= 0.60)
Figure A. 26: Failure envelope for dense W=4% F-40 Ottawa sand (e= 0.60)
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Figure A. 27: Failure envelope for dense W=6% F-40 Ottawa sand (e= 0.60)
Figure A. 28: Failure envelope for dense W=8% F-40 Ottawa sand (e= 0.60)
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Figure A. 29: Failure envelope for dense W=10% F-40 Ottawa sand (e= 0.60)
Figure A. 30: Failure envelope for loose W=10% F-40 Ottawa sand (e= 0.75)
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Figure A. 31: Failure envelope for dense W=12% F-40 Ottawa sand (e= 0.60)
Figure A. 32: Failure envelope for loose W=12% F-40 Ottawa sand (e= 0.75)
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Figure A. 33: Failure envelope for loose W=15% F-40 Ottawa sand (e= 0.75)
Figure A. 34: Failure envelope for loose W=18% F-40 Ottawa sand (e= 0.75)
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Appendix B:
Tensile Strength
Test Results
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Figure B. 1: Load as a function of displacement in a tensile strength test for loose F-75
Ottawa sand (e=0.75 and w=2%)
Figure B. 2: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=2%)
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Figure B. 3: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=4%)
Figure B. 4: Load as a function of displacement in a tensile strength test for loose F-75
Ottawa sand (e=0.75 and w=4%)
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Figure B. 5: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=6%)
Figure B. 6: Load as a function of displacement in a tensile strength test for loose F-75
Ottawa sand (e=0.75 and w=6%)
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Figure B. 7: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=8%)
Figure B. 8: Load as a function of displacement in a tensile strength test for loose F-75
Ottawa sand (e=0.75 and w=8%)
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Figure B. 9: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=10%)
Figure B. 10: Load as a function of displacement in a tensile strength test for loose F-
75 Ottawa sand (e=0.75 and w=10%)
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Figure B. 11: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=12%)
Figure B. 12: Load as a function of displacement in a tensile strength test for loose F-
75 Ottawa sand (e=0.75 and w=12%)
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Figure B. 13: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=15%)
Figure B. 14: Load as a function of displacement in a tensile strength test for loose F-
75 Ottawa sand (e=0.75 and w=15%)
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Figure B. 15: Load as a function of displacement in a tensile strength test for dense F-
75 Ottawa sand (e=0.60 and w=18%)
Figure B. 16: Load as a function of displacement in a tensile strength test for loose F-
75 Ottawa sand (e=0.75 and w=18%)
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Figure B. 17: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=2%)
Figure B. 18: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=2%)
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Figure B. 19: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=4%)
Figure B. 20: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=4%)
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Figure B. 21: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=6%)
Figure B. 22: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=6%)
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Figure B. 23: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=8%)
Figure B. 24: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=8%)
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Figure B. 25: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=10%)
Figure B. 26: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=10%)
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Figure B. 27: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=12%)
Figure B. 28: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=12%)
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Figure B. 29: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=15%)
Figure B. 30: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=15%)
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Figure B. 31: Load as a function of displacement in a tensile strength test for dense F-
55 Ottawa sand (e=0.60 and w=18%)
Figure B. 32: Load as a function of displacement in a tensile strength test for loose F-
55 Ottawa sand (e=0.75 and w=18%)
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Figure B. 33: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=2%)
Figure B. 34: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=2%)
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Figure B. 35: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=4%)
Figure B. 36: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=4%)
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Figure B. 37: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=6%)
Figure B. 38: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=8%)
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Figure B. 39: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=8%)
Figure B. 40: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=8%)
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Figure B. 41: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=10%)
Figure B. 42: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=10%)
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Figure B. 43: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=12%)
Figure B. 44: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=12%)
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Figure B. 45: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=15%)
Figure B. 46: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=15%)
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Figure B. 47: Load as a function of displacement in a tensile strength test for dense F-
40 Ottawa sand (e=0.60 and w=18%)
Figure B. 48: Load as a function of displacement in a tensile strength test for loose F-
40 Ottawa sand (e=0.75 and w=18%)
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Appendix C:
Suggested Suction
Controlled Tensile
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Guide Rail U-Bolt
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